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ABSTRACT 


The design, analysis, and performance testing of an advanced lower power 
arcjet is described. Aerojet TechSystems Company and Technion, Inc. in con- 
junction with NASA Lewis Research Center have conducted a research program to 
study a high impedance, vortex stabilized 1-kw class arcjet. A baseline 
research thruster has been built and endurance and performance tested. This 
advanced arcjet has demonstrated long life time characteristics, but lower 
than expected performance. Analysis of the specific design has identified 
modifications which should improve performance and maintain the long life time 
shown by the arcjet. 
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FOREWORO 


This program is conducted under Contract NAS 3-24842 for the NASA/Lewis 
Research Center, Auxiliary Propulsion Branch. NASA Program Manager is Jim 
Stone. The program is conducted by Aerojet TechSystems Company, Research and 
Technology Department, Rich LaBotz, Director. Aerojet Program Manager is Don 
Jassowski, and the Project Engineer is Darby Makel. Technion, Incorporated, 
is a major participant in the program, with extensive participation by Gordon 
Cann, President and Program Manager. Involvement of Technion includes 
conceptual and detailed design, fabrication, and Series I testing of the 
arcjet. Interpretation of test results, formulation of conclusions and 
recommendations, and preparation of the final report are by Aerojet 
TechSystems Company. 
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EXECUTIVE SUMMARY 


This contract is a result of the NASA Lewis Research Center RFP 
3-142500, entitled "Arc jet Thruster Research and Technology." The objective 
of the program is to advance and demonstrate the state of the art for arc jet 
thrusters. Specific technology goals for the program were an Isp of 400 
seconds, an efficiency of 40% and a 3000 hour life. A thruster has been 
designed to operate with storable propellants over the power range of 0.5 to 
3.0 kW. 


The program consists of two phases. This report summarizes the work 
done during the Phase I of the program. The first task of Phase I was an 
assessment of the state-of-the-art technology utilizing ongoing literature 
studies at Aerojet TechSystems Co. and Technlon Inc. Information was assem- 
bled into a state-of-the-art summary report to NASA, drawing together the 
available Information from the literature, workers in the field, and our 
experience. The results of the Technlon 1 kW thruster development program 
were Included. 

The available data and models were compared with those required in order 
to identify areas needing further research. From this, a detailed program of 
model development and empirical data collection was prepared. Research in 
pertinent subjects has been performed. Topics in the study Include analysis 
and testing of arc-gas physics, electrode design, low Reynolds number nozzles, 
and electrical characterization. This research has utilized a nominal 1 kW 
thruster for experimental studies. The arcjet thruster was built In a flight- 
like prototype configuration, so that the studies would be directly applicable 
to a flight hardware program. The results of the experimental and analytical 
efforts have provided a definition of problem areas which must be resolved to 
develop a 1 kW class arcjet thruster. 

The baseline arcjet thruster designed and tested during Phase I of the 
program is shown In Figure 1. With the goal of a 3000 hour life time as a 
major driver, the Aerojet/Technion team determined that major design innova- 
tions would be required. With this in mind, this arcjet represents a radical 
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Figure 1. Advanced 1 KW Arcjet 


Executive Summary (cont.) 


departure from the constricted arc type arcjets investigated during the 
1960's. This arcjet has been designed with advanced features for improved 
life, increased efficiency, and low plume contaminants and RFI. These 
improvements are achieved by the use of an arc where the anode attachment is 
upstream of the nozzle in the high pressure region. In addition a mixing 
chamber upstream of the nozzle is used to promote recombination of ionized and 
dissociated species. Since this arcjet is estimated to operate at lower 
currents than constricted arc arcjets of the 1960 ' s and lower arc centerline 
temperatures (estimated to be 10,000-12,000 K compared to 30,000-40,000 K for 
constricted arcjets) electrode losses should be reduced and electrode life 
increased. 

The initial investigation of the advanced arcjet concept was concentra- 
ted in the thruster design and experimental characterization tasks at Technion 
Inc. During this part of the program analytic models of arc/vortex gas inter- 
action were studied along with the results of a joint Aerojet/Technion 1 kW 
arcjet IR&D program. From this work resulted the design of the advanced 1 kW 
class arcjet thruster. The thruster was built at Technion and the initial 
test series (i.e., Test Series 1) was performed in the Technion bell jar test 
facility. During this test series, the arc stability, electrode erosion, 
current/voltage relation, and arc initiation with propellant were all investi- 
gated. In all, over 100 hours of operation were accumulated including 284 
starts and over 70 thermal cycles of the hardware. The results of the testing 
at Technion verified the feasibility of using the advanced vortex-stabi- 
1 ized/magnetlcal ly-driven arc in a thruster configuration. Without optimizing 
electrode geometry, erosion rate measurements indicate that this thruster's 
life characteristics are capable of achieving a 3000 hour life goal. 

The second part of the Phase I test program consisted of performance 
mapping the baseline thruster and establishing the data base required to 
develop the thruster into a flight-like unit. The performance testing was 
performed in Aerojet's Arcjet Test Facility. The thrust levels produced by 
the arcjet (less than 25 gm) required precise measurement to determine the 
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specific impulse and thrust efficiency of the unit. The best performance that 
could be achieved was Isp of 310 sec and thrust efficiency of 22%. 

There are three possible causes for the lower than expected perfor- 
mance. First, convective heat transfer from the gas to the thruster body in 
the mixing chamber lowered the specific enthalpy of the gas prior to expansion 
through the nozzle. Viscous losses and inefficient expansion of the arc 
heated gas through the nozzle contributed significant momentum losses. 

Finally, the most significant cause is that 40% of the propellant mass 
flowrate was injected in the mixing chamber and did not pass through the 
arc. The intent of the gas injection in the mixing chamber is to promote 
mixing, and to provide film cooling in the nozzle throat. 'The design flow 
split was 75% of the total flow through the arc and 25% of the total 
propellant flow injected in the mixing chamber. The flow split is not 
variable in the research thruster as currently designed. It has been 
concluded that the flow split must be optimized before high performance can be 
achieved. Analysis subsequent to the fabrication of the thruster and borne 
out by the experimental results indicate that there was excessive mixing and 
excessive film cooling. 

In addition to performance testing and evaluation of the thruster during 
the second half of the program, design and analysis of flight-like features 
was performed. A permanent magnet (using high temperature, rare earth 
colbalt) was designed and built for the thruster but was not tested. Also 
built was a high capacity hydrazine gas generator for extended duration tests 
with liquid hydrazine propellant which was also not used. In all, no hardware 
design problems were encountered that would prevent the development of the 
research thruster into flight-like hardware. 

Continued development of the advanced 1 kW arcjet thruster at the 
research thruster level is required before the concept is ready for develop- 
ment into flight hardware. Optimization of the features of the advanced 
arcjet such as the mix chamber, anode attachment location, and flow-sol it will 
yield potential !y useful levels of performance. 
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1.0 INTRODUCTION 


This contract is a result of the NASA/Lewis Research Center RFP 
3-142500, entitled "Arcjet Thruster Research and Technology." The objective 
of the program is to advance and demonstrate the state of the art for arcjet 
thrusters. Specific technology goals for the program are an Isp of 400 
seconds, an efficiency of 40%, and a 3000-hour life. Storable propellants 
were used. The power range goal was 0.5 to 3.0 kW. 

The Phase I program consisted of two major tasks. Task 1.0 provided an 
assessment of the state-of-the-art of arcjet technology utilizing ongoing 
literature studies at Aerojet TechSystems Co. and Technion Inc. Information 
was assembled into a state-of-the-art summary report to NASA, drawing together 
the available technology information from the literature, workers in the 
field, and our experience. The results of the Technion 1 kW thruster develop- 
ment program were included. The results of Task 1.0 were published in Ref. 1. 

The available data and models were compared with those required in order 
to identify areas needing further research in Task 2.0. From this, a detailed 
program of model development and empirical data collection was prepared. 
Research in pertinent subjects was planned. Topics in the study included 
analysis and testing of low Reynolds number nozzles, arc-gas physics, elec- 
trode design, and electrical characterization. This research used a nominal 
1 kW thruster for experimental studies. The thruster was configured into a 
flight-like prototype configuration, but with a water cooled magnet, so that 
the studies would be directly applicable to a flight hardware program. The 
results of our experimental and analytical efforts have been used to develop 
the data base needed to evolve the arcjet into a flight-type design. 

The task descriptions for Phase I are summarized as follows: 

PHASE I - ARCJET TECHNOLOGY DEVELOPMENT 

Task 1.0 - State-of-the-Art Assessment 
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1.0, Introduction (cont.) 


Task 2.0 - Research and Technology Assessment 

This task consisted of five subtasks: 

Task 2.1 - Design and Analysis 
Task 2.2 - Fabrication Support 
Task 2.3 - Testing 
Task 2.4 - Data Analysis 

Task 2.5 - Final Design and Performance Prediction 
Task 5.0 - Reports 

The following sections describe the activities of the above tasks. In 
addition recommendations are made based upon the conclusions of the program. 
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2.0 STATE-OF-THE-ART ASSESSMENT 


The first task of the program consisted of an assessment of the state of 
the art of technology important to arc jet research. The ongoing literature 
studies at Aerojet and Technion served as the basis for this assessment. 
Available information on arcjets and related technologies such as arc physics, 
propellants, power conditioning units, viscous gas dynamics, and arc flow 
interactions have been reviewed and summarized as they relate to arcjet devel- 
opment. The State-of-the-Art Assessment was submitted as a report at the 
conclusion of Task 1.0 in February, 1986 [1]. The report included an exten- 
sive bibliography with abstracts. The following section summarizes the scope 
and topics covered in that report. 

2.1 SUMMARY OF IMPORTANT TOPICS REVIEWED IN STATE-OF-THE-ART 

ASSESSMENT 

Arcs have existed in concept since the turn of the century. Arcs 
were used to heat gases to extreme temperatures. Small, high-speed wind 
tunnels in the 1950' s used arc heating. Because the specific impulse of a 
propulsive device can be related to temperatures which at the core of an 
electric arc discharge may be as high as 50,000 K, it was natural that the 
electric arc was looked upon as a means of heating a propellant considerably 
above the 3000K range available chemically [2]. 

There was a significant effort during the early 1960'$ to develop 
high-Isp arcjets^’^’^’®! . Most of the efforts were at higher power levels 
than the present program and focused on the constricted arc approach where the 
anode attachment region is in the nozzle downstream from the throat. The 
various arcjet efforts encountered the same basic problems; namely, 

1) discharge erosion of the nozzle, 

2) low efficiency due to thermal losses and frozen flow losses, 
and 

3) cathode erosion. 
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2.1, Summary of Important Topics Reviewed in State-of-the-Art Assessment (cont.) 


The projects were terminated due to changes in mission requirements 
and lack of available power sources. 

During the late 1960's and through the 1970's, much of the high- 
pressure arc research was oriented toward arc heatersf^’®’^ . Designs evolved 
from the constricted arcs to coaxial arc heaters to vortex-stabilized arc 
heaters. Significant effort went into finding ways to increase the enthalpy 
of the gas and to extend the lifetime of equipment. Efficiency became an 
issue with the megawatt arc heater systems. 

Recent trends have changed the applicability of arcjet propul- 
sion. High efficiency, high power, solar arrays are being developed with 
substantially improved power/mass ratio compared with those that than have 
been used on prior spacecraft. Satellites are evolving from fractional 
kilowatt capability to multikilowatt systems, with large-capacity battery 
storage. By careful management of on-board power, the power may be "free" for 
arcjet propulsion. Nuclear electric systems are under development with 
excellent power/mass properties. Interplanetary missions are now feasible 
that could not be undertaken with chemical systems. 

Arcjets are being considered for missions requiring high effi- 
ciency, high Isp, and low to moderate thrust. The missions fall into two 
categories; stationkeeping and primary propulsion. The use of arcjets for 
these missions requires consideration of not only the thruster, but the entire 
propulsion system. An arcjet propulsion unit consists of the thruster, pro- 
pellant supply system, power conditioning, power source and controls. The 
state-of-the-art assessment report covered each of these areas as they pertain 
to low power (0.5 to 3.0 kW) arcjets. The chapter headings of the report are: 

1. Missions and Applications 

2. Space Power Sources 

3. Power Conditioning 

4. Arc/Gas Flow Interactions 

5. Cathode Phenomena 
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2.1, Summary of Important Topics Reviewed in State-of-the-Art Assessment (cont.) 


6. Anode Attachment 

7. Magnets 

8. Mixing Chambers 

9. Nozzles 

10. Propellants 

11. Hydrazine Gas Systems 

12. Materials 

13. Vehicle Interactions, Plumes, and RFI 

14. Testing 
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3.0 TASK 2.0 RESEARCH AND TECHNOLOGY 


3.1 SCOPE AND OBJECTIVES 

Task 2.0 consisted of arcjet model development, construction and 
testing of a high impedance, vortex stabilized arcjet, and empirical research 
on critical issues identified in the Task 1.0 State-of-the-Art Assessment. 

This work has covered the following topics. 

1. Analytical modeling of vortex flow/arc interaction. 

2. Performance estimates for a high impedance, vortex stabilized 
arcjets. 

3. Testing of low Reynolds number nozzles. 

4. Design, construction, and testing of a baseline research 
arcjet thruster. 

Work on the baseline research thruster comprised the majority of 
effort in Task 2.0. 

The baseline thruster is a nominal 1 kW unit designed, constructed, 
and characterized at Technion and later performance tested at Aerojet. The 
testing of the thruster consisted of two parts, Series 1 testing at Technion 
and Series 2 testing at Aerojet. The Test Series 1 consisted of establishment 
of the thrusters operating characteristics, such as current, voltage, elec- 
trode gap, and propellant mass flowrate. During Test Series 1 the thruster 
was operated for over 100 hours with 284 starts and 70 thermal cycles. The 
Series 2 testing consisted of the performance testing of the thruster with the 
intent of obtaining a sufficient data base to develop the baseline thruster 
into a flight-like thruster. During the Series 2 testing the thruster was 
operated for 5 hours with 26 starts and 8 thermal cycles. 

The following sections describe the design of the baseline 
thruster, including model development, supporting analysis, and the activities 
of Series 1 and 2 testing. 
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3.0, Task 2.0 Research and Technology Assessment (cont.) 


3.2 DESIGN OF BASELINE THRUSTER AND COMPONENTS 
• Thruster Design 

The baseline research thruster was designed with as many 
flight-like features as possible so data would be directly applicable to an 
actual thruster. The following requirements were imposed on the design of the 
thruster: 


1. Radiation cooled 

2. Use of high temperature materials 

3. Hard seals (i.e, welds) wherever possible 

4. Easily disassembled for inspection of internal parts and 
electrodes 

5. Usable for performance measurements. 

Design features of the thruster are shown in Figure 2. Figure 3 shows the 
assembled thruster and components. 

The vortex stabilized arc extends from the cathode on the 
centerline of the thruster, to an annular anode. Rotation of the anode 
attachment spot is accomplished with a magnet. An electromagnet was used for 
the testing, but can be replaced with a permanent magnet. The propellant flow 
enters the thruster through a feedline connected to the nozzle as shown and is 
distributed in an annular manifold. The manifold allows the flow to be split 
between the arc chamber and the mixing chamber. Approximately 75 percent of 
the propellant flow is designed to be injected tangentially into the arc 
chamber to provide a vortex flow. Downstream of the anode is a mixing cham- 
ber, where the remainder of the propellant flow is injected to provide film 
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Figure 2. Design Features of Baseline Arcjet 




Figure 3. Assembled Arcjet Thruster and Components 






3.2, Design of Baseline Thruster and Components (cont.) 


cooling in the nozzle. The nozzle is a high area-ratio, trumpet design based 
on Technion's high performance resistojet experience. The thruster was 
designed with large thermal masses to provide sufficient conduction cooling of 
hot surfaces in the thruster interior. 


The thruster's body is extended to provide a thermal stand off 
for the stainless steel mounting flange and low temperature ceramic/metal 
electrical leadthrough. The cathode, which passes through the vacuum 
electrical feedthrough is insulated by boron nitride spacers and alumina 
tubing to prevent electrical breakdown to the thruster body. The nozzle and 
outer thruster body are made of TZM moly and are welded to the thoriated 
tungsten anode. A complete list of the thruster components is given below. 


Part 

Nozzle 

Propellant Feed Tube 

Anode 

Cathode 

Aft Body 

Arc Chamber Insulator 

Cathode Insulator 

Aft Insulator 

Rear Seal /Electrical 
Feed Through 

Electromagnet 


Material 
TZM moly 
TZM moly 

Thoriated Tungsten 
Thoriated Tungsten 
Stainless Steel 
Boron Nitride 
Alumina 
Boron Nitride 

Stainless Steel and Ceramic 
Copper Tubing 


Drawings of individual components are given in Figures 4 through 22. 


During Test Series 2, a minor modification to the rear flange 
assembly was required to ensure against a damaging electrical breakdown to the 
arcjet body. Figure 23 shows the flange/feed through with the aft insulator 
cemented in place and an alumina tube inserted into the aft insulator. In 
order to ensure proper alignment of the cathode through the new rear flange 
assembly, the shank portion of the cathode, in the region of the new assembly, 
was reduced in diameter from 0.475 cm to 0.424 cm. 
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Figure 4. Asembly Drawing of 1 KW Arcjet 
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Figure 5. Anode 







Figure 6. Nozzle 
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Figure 7. Nozzle/Anode Assy 
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Figure 8. Housing 
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Figure 9. Housing/Tube Assy 
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Figure 12. Flange/Sleeve Assy 
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Figure 14. Insulator - Body 
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Figure 17. Flange/Feed-Thru Assy 
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Figure 18. Cathode Assy 
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Figure 19. Nozzie/Housing Assy 
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Figure 21. Cathode 







































3.2, Oesign of Baseline Thruster and Components (cont.) 


• Permanent Magnet Design 

The design of the permanent magnet intended for 1 kW arcjet 
Series 2 testing is shown in Figures 24, 25 and 26. The purpose of 
incorporating the permanent magnet into the Series 2 is to demonstrate that a 
permanent magnet, properly insulated from the thruster, can provide a stable 
magnetic field. The nominal design field strength is 500 gauss. This value 
is not considered an optimal value, but is typical of the field strengths 
generated with the electromagnet (the nominal Series 1 magnetic field strength 
was 400 gauss). A 25% safety factor has been added in case temperature 
effects on the magnet are greater than expected. 

The maximum operating temperature of the rare earth cobalt 
magnet material. Recoma 28, is 350 C. The magnet is insulated from the 
thruster with zirconia felt insulation. Figure 27 shows the required thermal 
conductivity of the insulation layer (approximately 0.2 inch thick for our 
design) as a function of arcjet body temperature for maximum magnet tempera- 
tures of 350, 250, and 150 C. Also shown is the thermal conductivity of 
candidate insulation materials. The design point with an estimated arcjet 
body temperature of 1500 K is shown for reference. The maximum magnet temper- 
ature is expected to be approximately 200 C and the magnet is adequately 
insulated for arcjet body temperatures as high as 2200 K. The maximum arcjet 
body temperature, when operating with a water-cooled electromagnet, has been 
measured at 700 C. Energy balance considerations limit the theoretical maxi- 
mum outer-body temperature to less than 1800K and axial conduction in the 
thruster housing reduces local hot spots in the region of the magnet. 

Figure 28 shows the power dissipated through the magnet for 
given maximum (inner diameter) magnet temperatures. For the worst possible 
case, T m = 350 C, a total of 81.0 watts would be dissipated. Ideally, 
thruster body should operate at as low a temperature as possible to Increase 
the thermal efficiency of the thruster. To accomplish this, the anode region 
must be conduction cooled by coupling it to the nozzle region, rather than 
allowing conduction to the outer-body housing. 
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Figure 25. Individual Sector of Arcjet Permanent Magnet 





Figure 26. Arcjet Permanent Magnet Assembly 
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3.2, Design of Baseline Thruster and Components (cont.) 


Figure 29 shows a comparison of the magnetic fields for the 
electromagnet and the permanent magnet. The field strengths were measured 
with a gauss meter. The magnet field strength in the arc region can be varied 
with the permanent magnet by changing its position along the thrust axis. 

• Facility Gas Generator 

Figure 30 shows the design of the facility gas generator. No 
tests were conducted on this device. The inlet end is a tube with an 0.0254 
cm I.D. to provide a high inlet velocity and to reduce the possibility of 
thermal decomposition of the liquid hydrazine prior to it entering the 
catalyst bed. The catalyst bed material is Shell 405 granules. 

This design of the facility gas generator closely resembles a 
flight-type unit. To ensure proper startup of the unit, the catalyst bed can 
be heated to 550 K before the hydrazine is injected into the bed. The cata- 
lyst bed temperature is monitored by a thermocouple (not shown) mounted on the 
body of the gas generator. The enlarged catalyst bed is to ensure stable 
generator performance during long-duration arc jet testing. The extended 
startup and shutdown transients associated with a larger catalyst bed will not 
be a problem during arcjet testing. 
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Figure 3 Q. Facility Hydrazine Gas Generator 






3.0, Task 2.0, Research and Technology Assessment (cont.) 


3.3 SUPPORTING ANALYSES 

Analyses were performed in several areas in order to aid the design 
and development of the advanced arc jet. The analyses conducted can be grouped 
in three categories: 

1. Basic arc-gas interaction 

2. Overall scaling and performance estimates 

3. Detailed hardware thermal /stress analysis 

The studies of the first two types provide a model of the physics 
and the gross characteristics of the device. Analysis of the third type was 
used to ensure the integrity of the research thruster. 

1. Basic Arc -Gas Interactions 


A study of arc/laminar gas flow interaction for a vortex 
stabilized arc was conducted to determine limitations on the coupling of arc 
power into a vortex flow. The details of the analysis are contained in 
Appendix A. The conclusion of the analysis was that a limit exists on the 
total mass flux that can pass through a vortex due to the viscosity variations 
of an arc heated propellant. 

The second basic gas-arc interaction studied was definition of 
the applicable plasma flow equations for arcjet. The distinction between the 
compressible and incompressible Navier-Stokes equations was clarified. The 
incompressible equations are applicable to the low Mach number regions of the 
arc chamber and the compressible equations are required to describe the plasma 
flow through the nozzle. A detailed discussion is contained in Appendix B. 
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3.3, Supporting Analysis (cont.) 


2. Overall Scaling and Performance Predictions 

The approach taken in developing the advanced arcjet is based 
on the scaling of the physics of large arc heaters. Appendix C contains an 
assessment of the scaling and identified weaknesses. Due to limitations in 
both experimental data and analytical techniques, extrapolation of arc heater 
data to low power arcjets must be performed with care. 

The baseline research thruster can be used with ammonia, 
hydrogen, or hydrazine decomposition products as the propellant. The antic- 
ipated performance for each of these propellants is shown in Figures 31 
through 33. A typical design point for each propellant is shown in Table I. 
The estimates were prepared with the procedure described in Appendix D. The 
research thruster has been design operated at a chamber pressure less than 
1 MPa. The design point used for the research thruster is shown on Table II. 

3. Thermal /Stress Analysis 


Thermal and stress analyses have been conducted on the engine 
design shown in Figure 34. One dimensional calculations for conduction heat 
transfer and stress were used to design the thruster. The thermal design has 
been made deliberately very conservative so that all critical components will 
run cooler than is necessary or desirable in a flight design. The size of 
components and material were choosen so to minimize stress and ensure no 
failure due to mechanical loading or thermal stresses. This has been done so 
that parametric tests can be conducted without undue damage occurring to the 
components. Also, the long (20 cm) extension between the feed-throughs and 
the vortex chamber, required to ensure that the feed-throughs do not overheat, 
would be greatly shortened in a flight model by folding the tube. Folding was 
not incorporated into the design, since it would interfere with access to 
components in the vortex chamber and the anode. Some temperature and heat 
flux estimates are displayed in Figure 34. 
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Figure 31. 
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Figure 32. N 2 H 4 Isp Vs. Thrust at Pressure - 10 Atmospheres 
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Figure 33. Propellant Efficiency Vs. Thrust for N2H4 at Pressure - 10 Atmospheres 







table I 


ESTIMATED PERFORMANCE FOR TYPICAL TROEELLANTS 
IN THE 1-KW ARC ENGINE 



N„H^ Products 

Ms_ 

— 2— 

Pg watts 

1057 

1000 

1000 

ft /min 

2.4 

1.4 

.53 

T °K 

4300 

4150 

4000 

V volts 

150 

170 

200 

I amps 

8 

6 

6 

F mlb 

43 

30 

20 

1^ sec 
sp 

488 

583 

1027 

n% - 

35 

31 

40 

* 

Re - 

905 

547 

338 
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TABLE II 


1 kW ARCJET DESIGN POINT 


Power Input: 

1200 watts 

Discharge Voltage: 

130-160 volts 

Thermal Efficiency: 

80-90% 

Propellant: 

Simulated N 2 H 

Mass Flow Rate: 

0.04 gm/sec 

Isp: 

500 sec 

Overall Efficiency: 

34-40% 

Average Gas Temperature: 

4300 K 

Thrust: 

0.191 N 3 

Thrust-to-Discharge Coefficient: 

1.60 

Throat Reynolds Number: 

900 
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Figure 3#. 1-kw Arcjet - Preliminary Thermal Analysis 






3.0, Task 2.0 Research and Technology Assessment (cont.) 


3.4 NOZZLE DESIGN AND TESTING 

One of the technology development subtasks of Task 2.0 was an 
investigation of the behavior of low thrust, low Reynolds number nozzles. The 
typical throat Reynolds number for a 1 kW-class arc jet thruster is in the 1200 
to 800 range. Previous investigators have noted a reduction in measured 
thrust coefficients due to test chamber background pressure and due to viscous 
flow effects in the nozzles^®’^ . In addition to the effect of large bound- 
ary layers occupying a large portion of the total flow area in the supersonic 
portion of the nozzle, the presence of a large swirl component to the flow can 
effect nozzle performance^ 2, ^1. The purpose of this subtask was to evaluate 
the performance of candidate nozzle designs for use on a flight-like thruster. 

Originally, a numerical study of nozzle performance using the 
VNAP-2 computer code was planned. Initial results indicated that the 
VNAP-2 code was too costly to use for performance predictions in the straight 
flow (no swirl) case due to lack of knowledge of the thermal boundary condi- 
tions. The code is not applicable to flows with swirl, because it does not 
calculate a circumferential velocity component. In conjunction with the 
numerical study, it was planned to conduct an experimental investigation to 
test candidate nozzle designs. The experimental investigation was conducted 
using interchangeable nozzles on a modified Technion resistojet. The resisto- 
jet is capable of simulating arcjet flow Reynolds numbers under certain oper- 
ating conditions. The tests were conducted at NASA/LeRC in the Tank 5 test 
facility. The Tank 5 facility was chosen because low background pressures 
could be maintained. 

3.4.1 Nozzle Design 

Six candidate nozzle configurations were selected for study 
at arcjet flow conditions. The nozzle geometries were chosen based on designs 
in available literature and previous experience with low thrust nozzles. The 
nozzles were tested using a modified Technion resistojet shown in Figure 35 . 7, 
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3.4, Nozzle Testing (cont.) 


The adapter hardware was designed to allow interchangeable 
nozzles. The bell and the cone nozzle are shown in Figures 36, 37, and 38. 

The nozzle skirts are shown in Figures 38, 39, and 40. A cone and tulip skirt 
allow numerous experimental configurations. These include: 


Geometry 

Cone 

Bell 

Cone-Cone 
Cone-Tulip 
Bell -Cone 
Bell-Tulip 


Area Ratio 
50:1 
50:1 
100:1 
100:1 
100:1 
100:1 


A swirl plate was fabricated, which can impart a circulation of 
1 m^/sec; a second plate was fabricated which can provide an axial flow with 
no circulation. Potential test combinatins include: 

Swirl 6 500-2000 Various 

or X Nozzle X Reynolds X Back 

Axial Combinations Number Pressures 

Due to the difficulty in instrumenting nozzles with such small 
dimensions, local heat flux or pressure measurements were not feasible. In 
addition, the hardware associated with multiple pressure taps would substan- 
tially increase the thrust stand tare, reducing the accuracy of the thrust 
measurements. Only thrust levels In the 10-15 millipound range could be 
attained using the Technion resistojet. 

An operating space for the resistojet was defined as follows: 

P c > 100 kPa 
T c < 1500 K 
d* > 0.051 cm 
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Figure 37. Cone Nozzle (Dimensions in Inches) 
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Figure 38. Cone Nozzle with Tulip Skirt 
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I 

I 

i Figure 40. Tulip and Cone Skirts (Dimensions in Inches) 


.56 




3.4, Nozzle Testing (cont.) 


Evaluating the potential parameters to achieve a Reynolds number in 
the 500-2000 range, a limited combination is available. Nitrogen is not 
feasible. Throat diameters of approximately 5 mils would be required to 
achieve the low Reynolds number. Hydrogen is the only feasible diatomic 
gas. The operating parameters are: 


T c • 

1400 K 

P C - 

100 kPa 

d* = 

0.061 cm 

ifi 

5-20 milligrams/sec 

P 

100-1000 watts 


The power was adjusted to achieve the required enthalpy for a set 
mass flow rate. T c was varied by changing ill and P to evaluate thrust at 
various Reynolds numbers. 

3.4.2 Test Results 

Nozzle testing was limited due to leaking from braze joints 
of one of the chamber pressure taps during assembly. The leaks were not 
discovered prior to assembly of the hardware at NASA/LeRC. Facility 
scheduling precluded rebrazing the leading pressure tap. Since repair was not 
feasible, the hole was closed by Installing a tantalum plug and peening to 
seal off the hole. Leaks were encountered in the braze between the original 
nozzle and the nozzle adaptor, and at the Grafoil seal in the nozzle. 

Significant drift (-1056) in the thrust stand occurred in the 
course of 2-3 hours. The thrust stand zero was sensitive to vibration of the 
raised platform. Significant noise was encountered in the thrust 
measurements. The thrust stand was frequently recalibrated to reduce the 
calibration errors. 
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3.4, Nozzle Testing (cont.) 


A hot run was performed using hydrogen propellant. When the 
chamber temperature reached 1140°C, the pressure dropped significantly, 
indicating a significant leak. Upon inspection, the second chamber pressure 
tube was found to have failed. The appearance was that of a grain boundary 
failure in the braze region. Therefore, a decision was made to discontinue 
hot runs and to pursue cold tests. Rubber gaskets were made to seal the 
nozzle and the swirl plate. Leak rate measurements indicated values less than 
the minimum measurable level. 

An insulation plate was removed from the thrust stand, 
decreasing the weight. The thrust stand operated in a more stable mode with 
virtually no calibration change and minimal zero shift. 

Due to the loss of both chamber pressure taps, an inlet 
pressure measurement was used for chamber pressure. The conductance drop 
between the line pressure gage and the chamber was calibrated by flowing gas 
with the nozzle removed, thus bringing the chamber pressure to ambient. A 
series of measurements was made to determine the conductance losses at various 
mass flow rates. 


A series of cold-flow tests was performed in which the mass 
flow rate was set at various levels and the thrust and chamber pressures were 
measured. These experiments were performed with hydrogen, nitrogen, nitrogen- 
hydrogen mix, and helium. The cone and bell nozzles were tested without a 
skirt and the cone was tested with the cone skirt. An additional series was 
performed using a rotational flow in the chamber to simulate the swirl in the 
arcjet. Table III summarizes the configurations and conditions of the 
tests. 


The results are inconclusive as to the effect of swirl on 
nozzle performance. There appears to be no significant effect of geometery on 
thrust coefficient at the Reynolds numbers tested. The results indicate a 
decrease in thrust coefficient with decreasing Reynolds number. 
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TABLE III 


SUMMARY NOZZLE COLD FLOW TESTS 


NOZZLE i 

CONFIGURATION 

FLOW 

GAS 

THROAT Re 

THRUST COEFFICIENT 

BELL no 

skirt 

NO SWIRL 

HYDROGEN 

1739 

1.61 

ft 


II 

NITROGEN 

4576 

1.31 

»» 


SWIRL 

HYDROGEN 

4243 

1.30 

M 


ff 

NITROGEN 

4717 

1.55 

CONE no 

skirt 

NO SWIRL 

HYDROGEN 

3986 

1.17 

ft 


If 

NITROGEN 

1407 

1.32 

If 


!» 

HELIUM 

2801 

1.42 

If 


II 

HYD / NIT 

3410 

1.35 

CONE w/ 

CONE SKIRT 

NO SWIRL 

HYDROGEN 

932 

1.21 

tl 


it 

NITROGEN 

1342 

1.45 

If 


II 

HELIUM 

4376 

1.51 

If 


ft 

HYD /NIT 
59 

2345 

1.55 
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3.0, Task 2.0, Research and Technology Assessment (cont.) 

3.5 SERIES 1 TESTING 

The initial testing on the advanced arcjet research thruster was 
performed at Technion Inc. The prime objectives of the test program were: 

1) To establish the envelope of stable operation of a 1 kW arc 
thruster that is radiation and regeneratively cooled and 
operates with a minimum arc temperature. 

2) To establish the validity of mechanisms, operational modes, 
and scaling laws predicted from the analysis of the arc-vortex 
interaction. 

3) To ensure that the electrodes, seals, and/or feed-throughs 
survive for the required lifetime (-1000 hr) and number of 
thermal cycles (over 500). This is to be established with 
chemically inert propellants (a mixture of hydrogen, nitrogen, 
and ammonia) in the proper ratios to simulate the decomposi- 
tion products of pure hydrazine. 

To accomplish these objectives, the test plan shown in Table IV was 
implemented. In order to obtain the required data from the tests, the mea- 
surements shown in Table V were made. The instrumentation was 
calibrated prior to use to ensure accurate measurements. A correction factor 
was applied to the rotometer readings to account for the different gases. The 
rotometer was subsequently calibrated after the test series with the actual 
gases to check the correction factor. 

Test Procedures and Results 


The assembly shown in Figure 41 was used to adapt the arcjet to 
Technion's existing bell jar. This equipment has previously been used for 
30 kW arcjet testing. The existing data acquisition system, gas system, 
calorimeter, vacuum system, and utilities were used for the 1 kw experiment. 
The principal effort required was to build the adapter assembly and connect an 
existing power supply. 
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1 KW ARCOET TEST PLAN - TEST SERIES 1 
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Table V. 


Measurements Made During Test Series No. 1 


Measurement 

Instrument 

Current 

Hall Effect Ammeter 

Voltage 

Voltage Divider and Digital 
Voltmeter 

Mass Flow Rate 

Rotometer 

Arc Length 

Cathode Position 

Magnetic Field Strength 

Magnet Current and Calibration 

Arc Temperature 

Estimate from Ohn’s Law 

Throat Tempertaure ) 

Nozzle Temperature ) 

Body Temperature ) 

Thermocouples 

Power-In Gas 

Calorimeter 
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jr (the Nozzle is Supported 
ter or Bell Jar Adaptor) 


3.5, Test Series 1 Testing (cont.) 

A schematic drawing of the test facility is shown in Figure 42. 

The electric schematic is shown in Figure 43. Optional series resistors (3), 
each 245 ohm have been used instead of the ten 50 ohm resistors. A gas flow 
schematic is presented in Figure 44. This system was used for the engine 
characterization tests except that no preheating of the gas was done. For the 
characterization tests a water-cooled copper electromagnet was used. The 
target calorimeter was also used. The cooling water circuits for the color- 
imeter and electromagnet as well as the thermocouple locations for measuring 
the temperature of the engine body, are shown in Figure 45. 

The axial magnetic field strength on the axis of the solenoid has 
been computed and is shown in Figure 46, for a current of 100 amperes passing 
through the solenoid. 

The cathode was located by bringing it forward until it touched the 
anode and then retracting it a fixed amount. Tests have been conducted with 
three cathode locations, shown in Figure 47. 

Table VI summarizes the results for the first 50 starts. Table VII 
shows summary test data for starts 51 through 77. Many starts did not result 
in a run for the following reasons: 

1) The operating volatge of the arc required more than the power 
supply was capable of producing. 

2) The sudden flow of N 2 -H 2 propellant blew the arc out. Opera- 
tion at that flow rate could be established in many cases by 
starting with argon and slowly introducing the nitrogen-hydro- 
gen mixture. 

The first 18 tests conducted where data has been acquired while the 
engine was running on a mixture of hydrogen and nitrogen are summarized in 
Table VII. 
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MOUNTING FLANGE 
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Figure 42. Schematic of Series I Test Facility 
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Figure 43. Electrical Wiring Schematic 
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Figure 44. Propellant Supply Schematic 
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Figure 45. Water Flow and Thermocouple Schematic 
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Figure 47. Cathode Location 


ARCJET PRELIMINARY TESTS 
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1 KW ARC JET TEST SUMMARY 
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3.5, Test Series 1 Testing (cont.) 


Parametric Tests 


The No. 1.3 series of tests which involved filling in a matrix 
of arc current, mass flow rate, magnetic field, and anode-to-cathode gap were 
completed in Tests 78 through 104. Power supply limitations severly 
restricted the range of the variables over which useful data could be 
obtained. Test data were obtained over the following ranges of variables. 


Arc Current 

Mass Flow Rate 

Centerline Magnetic Field 
Strength at the Anode 

Arc Gap 


6-9.5 amperes 
30 - 50 mg/sec 
330 - 580 gauss 

0.343 - 0.572 cm 


Evaluating the data, the following nominal ranges of the 
variables were picked for an endurance test. 


Arc Current 8-8.5 amperes 

Electrode Gap 0.343 - 0.381 cm 

Mass Flow Rate 35 - 50 mg/sec 

Axial Magnetic Field 417 - 500 gauss 

Strength 

In Series 1.4, endurance testing, the initial tests were 
partly a search for power supply characteristics that permit long-term test- 
ing. Seventy-five starts were necessary to obtain the first 47.5 hours of hot 
operating time extending over Tests 105 through 181. During these tests, the 
engine was thermally cycled 37 times. A thermal cycle is defined as a run 
that lasts 10 minutes and is off long enough to permit the peak thermocouple 
temperature to fall below 300 C. 


The parametric tests are summarized in Table VIII. In the 
course of the testing, several improvements were made to the data acquisi- 
tion. The nitrogen and hydrogen flow meter tubes were replaced with smaller 
units in order to increase the scale readings for the typical flow range and 
to provide better accuracy. The ammonia branch was added to the flow system 
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3.5, Test Series 1 Testing (cont.) 


starting with Test No. 103. This provides for more complete simulation of 
hydrazine decomposition products. Ammonia flow was adjusted to correspond to 
a hydrazine reactor ammonia dissociation level of 80-85%. 

The operational procedure adopted was as follows: 

Starting 

Vacuum breakdown was chosen as the preferred technique 
because, in the Technion engine configuration this represents a soft start. 
Typically an open circuit voltage of 500 volts was used, but, in a few tests 
the open circuit voltage was raised to 600 volts. 

Starts were first tried by pumping down to under 10 microns in 
the chamber, applying the voltage to the arc electrodes and then opening the 
gas feed valves for the hydrogen-nitrogen mixture. When the arc did not 
ignite, the same procedure was adopted except argon was substituted for the 
hydrogen-nitrogen. Once an arc was established, then the valve feeding the 
hydrogen-nitrogen would be slowly opened while the valve feeding the argon was 
slowly closed. Attempts were made to ensure that the injection gauge pressure 
never fell below 237 kPa. 

A solenoid switch was placed In the power lead to the arc so 
that arc current would activate a switch that turned on the magnet current. 
This was done since initially it had been observed that the magnetic field 
interfered with the vacuum breakdown. At the end of Test Series I, the 
soleniod switch was removed and starts with the magnet on were conducted. All 
tests in Test Series II were started with the magnet on. 

At the conclusion of Test Series 1.0, starts with propellant 
gas were made using the following procedure. 



3.5, Test Series 1 Testing (cont.) 


Checkout Prior to Test 

1) Retract the cathode from a shorted position to the 
cathode to the desired amount, between 0.30 - 0.36 cm. 

2) Ensure that there is no leak through the seal to the 
cathode rod. 

3) In vacuum environment, ensure that cathode rod external 
to the engine and the lead is adequately insulated. 

4) Ensure that cathode-to-anode resistance is >10,000 ohms. 

5) Ensure that gas feed-tube joint does not leak. 

6) Ensure that a water flow rate greater than 4 gm/sec 
passes through the electromagnet. 

7) Check the resistance of the magnet coil by passing 20-50 
amperes with water flowing. With the engine cold, 

R -0.038 ohms. When the engine is hot, -0.040 ohms. 

8) When passing 35 milligrams per second of simulated 
hydrazine through the cold engine, with no arc, the 
injection pressure should be over 169 kPa. 

Startup 

1) With water flowing through the electromagnet, increase 
the magnet current to 50 amperes. The voltage across the 
magnet should be 1.90 ± 0.02 volts. 

2) Current control should be set to establish arc current 
between 7-8 amperes. 

3) If argon start, argon flow rate should be set to give an 
injection pressure of 237 - 304 kPa with no arc. 
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3.5, Test Series 1 Testing (cont.) 


4) If starting with to use simulated hydrazine products, 
flow rate should be about 35 milligrams/sec at injection 
pressure of about 414 - 440 kPa. 

5) Eratron OCV should be set at minimum (740 volts) for 
starting to prevent breakdown before gas is injected. 

Note : On numerous occasions at Technion, breakdown 

occurred before the gas was injected when using 
the Eratron power supply. Immediately opening 
the argon gas valve led to the normal arc start 
mode. 

6) If an argon start is used, the argon valve can be opened 
to permit full flow at start. 

7) A normal start is characterized by: 

a) Luminosity is seen through the throat. 

b) The ammeter registers a constant current. 

c) The voltage across the arc should be 20-40 volts. 

8) With an argon start, once conditions noted in No. 7 are 
met, the gas simulating hydrazine products should be 
introduced slowly into the flow. Once the full flow of 
this gas is established (^35 milligrams/sec), the argon 
can be turned off abruptly. 

9) It may be desirable to ramp up the ignition voltage to 
see if it prevents the arc from extinguishing. 

10) If a start using simulated hydrazine products is 

attempted, a valve can be opened to permit full gas flow 
after the power supply is energized. 
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3.5, Test Series 1 Testing (cont.) 


OPERATIONAL PROCEDURES 

A) It will take 10-15 minutes for the thruster to reach 
thermal equilibrium. 

B) Using a Simpson Model 260 or equivalent, an arc potential 
drop of 130-170 volts should be displayed once the arc is 
running on the simulated hydrazine gas mix. This voltage 
may increase 5-10 volts during the 10-15 minutes while 
the engine is heating up. 

C) As the engine heats up, the voltage drop across the 
electromagnet will increase to slightly over 2.0 volts 
with 50 amperes flowing in the circuit. 

D) With ~35 milligrams/sec flow of simulated hydrazine gas 
products, the injection pressure should be between 410 
and 473 kPa. 

The cathode was inspected visually during the course of the 
testing. The engine was completely disassembled, and the condition of the 
critical parts documented photographically at three points during the 
testing. Figures 48 through 59 show the condition of the cathode, anode, and 
insulator after Test Runs 124, 172, and 181. Accumulated run time at these 
points was 5 hours, 32 hours, and 48 hours, respectively. 

Test Series 1.4 was concluded at the end of the 100-hour 
endurance testing. A total of 120 starts and 63 thermal cycles were accumu- 
lated during the endurance tests. Including all test series, the engine to 
this point had 214 starts and had been subjected to 68 thermal cycles. A 
summary of the test conditions is presented in Table IX. The engine was 
disassembled after Tests 218 and 235. Photographs of the components are shown 
in Figures 60 through 67. It should be emphasized that these are all the 
original components which have been used for all 253 tests which include the 
parametric tests, the endurance tests, and the starting tests. 
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Figure 48. View of Cathode After Test No. 124 (Approx. 14X) 
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Figure 50. View of Cathode After Test No. 172 (Approx. 14X) 
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of Cathode After Test No. 172 (Approx. 14X) 
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Figure 52. View of the Cathode After Test No. 181 (~ 50 Hrs.) (Approx. 24X) 
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Figure 53. Second View of the Cathode After Test No. 181 (« 50 Hrs.) (Approx. 35X) 
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Figure 54. View of Anode Face After Test No. 124 (Approx. 5X) 
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Figure 55. View of Anode Face After Test No. 172 (Approx. 6X) 
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Figure 56. View of the Anode Face After Test No. 181 50 Hrs.) (Approx. 5X) 
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Figure 58. View of Insulator Face After Test No. 172 (Approx. 22X) 



96 


ORIGINAL PAGE IS 
OF POOR QUALITY 














TABLE IX 




































BLE IX 



Start Tests; Magnet energized prior to start, 2 in 3 plenum added upstream of start valve 
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Figure 60. Cathode Tip after Run #218 (Approx. 25X) 
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Figure 61. Cathode after Run #218 (Approx. 17X) 
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Figure 63. Cathode Tip after Run #253 (Approx 38X) 
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Figure 64. 
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Figure 65. Anode after Bun #253 (Approx. 3X) 
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Figure 67. Insulator Face after Run #253 (Approx 18X) 



3.5, Test Series 1 Testing (cont.) 


The Cathode History 


The cathode shape and length has been monitored 10 times 
during the 3 test series conducted at Technion. A summary of the recession 
rate of the attachment surface is given in Table X. The tip geometry is shown 
in Figure 68. A jig was made for measuring the length of the cathode rod. 
Also, the length of the conical section was measured from the photographs. As 
time progressed, the edge marking the beginning of the cone became less 
distinct, reducing the accuracy of the second set of measurements. 

The first set of measurements indicate uneven recession rates 
over the last 50 hours of testing. This is probably due to the molten 
tungsten on the attachment face solidifying in different configurations. 

Attempts to view the cathode attachment using telescopic 
lenses were only partially successful. An intense attachment spot was, how- 
ever, observed to move erratically over the surface from one location to 
another. 


The Anode History 

The anode orifice diameter is nominally 0.119 cm. Some 
changes have occurred on the cathode (upstream) face of the anode and to the 
anode orifice. Measurements of the maximum size rod that would pass through 
the anode orifice after Tests 218 and 253 are shown in Table XI. Examination 
of the photos of the anode indicates that some small protrusion into the anode 
orifice was visible after Test 172. Observing the anode orifice through 
optics while under test confirmed that some material was deposited, probably 
in droplet form, at one location around the periphery. Watching this anomaly 
for extended periods of time indicated that it could be a flake which could 
extend out into the orifice and then instantaneously move back to the wall, 
leaving a barely observable protrusion. 
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TABLE X 

CATHODE HISTORY 
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3.5, Test Series 1 Testing (cont.) 


The outer periphery of the anode face developed a mottled 
appearance during the tests. It is speculated that this may be droplets of 
tungsten spun off the molten cathode face by the swirling propellant gas. 

The Nozzle Throat History 

Periodically during the tests, rods were inserted into the 
nozzle orifice to see if any diameter change had occurred. In Table XI, the 
size of the rod that would pass through the hole is listed, followed by the 
diameter of the next size rod available that would not pass through the 
throat. The diameter changes noted, a maximum reduction of 0.0064 cm, could, 
as was the case with the anode, be due to the deposition of one or more 
particles at some circumferential location, rather than be a uniform reduction 
in diameter. 


The Insulator History 

Some changes occurred to both the face of the insulator and 
the orifice through which the cathode protrudes. The face of the insulator 
blackened and was cleaned with emery cloth several times during the test. 

Some asymmetrical wear occurred on the orifice, but did not 
appear to get progressively worse. On the cathode cylinder, some azimuthal 
grooving occurred where the cathode emerged from the insulator. It is pos- 
sible that, in some operating mode or during start, an intermittent radial arc 
struck across the insulator face. This may have happened when the arc was 
operating in the high-voltage mode. 

The Electromagnet History 

In order to cover a wide range of magnetic field strength, the 
electromagnet was powered from a welding power supply. This power supply had 
a fairly high ripple component. During Tests 172 through 181, the voltage 
drop across the magnet fell from 2.44 to 1.86 volts, while approximately 60 
amperes of current was maintained. This indicated that several turns had 
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3.5, Test Series 1 Testing (cont.) 


shorted out, probably due to overheating of the fiberglass insulation on the 
coil. However, the coil resistance returned to its original value of 0.403 
ohms (hot) in Test 182 and remained there for the rest of the tests. 

Subsequent to Test 229, it was determined that a magnet cur- 
rent of 50 amperes or less would be adequate and the magnet was powered by a 
highly regulated HP power supply. In all previous tests, a ripple of 30-40 
volts peak-to-peak at a frequency of about 240 Hz had been observed. This 
ripple was modulated by a higher frequency noise component. When the regu- 
lated power supply was used to power the magnet, the 240 Hz ripple disappeared 
completely from the scope trace of the voltage across the arc, leaving only 
the high-frequency component. 
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3.0, Task 2.0, Research and Technology Assessment (cont.) 


3.6 SERIES 2 TESTING 

Scope and Objectives 


The objective of the Test Series 2 Testing was two-fold, first, to 
establish the performance of the thruster under conditions of Test Series 1, 
and second, to characterize the performance of the thruster in terms of meas- 
urable and controllable parameters. At the conclusion of Test Series 1, three 
important technical achievements had been attained. 

1. Electrode life is projected to be on the order 100's of hours 
for cathode and anode. 

2. Stable arc operation has been demonstrated over a wide range 
of operating conditions. 

3. Arc initiation with flight-type thruster hardware has been 
demonstrated. 

One of the goals of Test Series 2 was to determine if the perfor- 
mance of the baseline thruster at the conditions examined in Test Series 1 met 
the program goals. This objective was achieved by performance mapping the 
thruster. The other goal of the test program was to obtain sufficient data so 
the thruster can be developed into flight-like design with acceptable life 
characteristics and desired specific impulse and thrust efficiency. 

3.6.1 Arc jet Test Facility 


The Aerojet Arc jet Test Facility used for the performance 
testing of the 1 kW arcjet thruster is shown in Figure 69. Figure 70 is a 
plan view of the facility. The facility consists of a 1.3 x 1.9m (4x6 ft) 
vacuum chamber located in a covered test bay and pumped by a Kinney 6000 CFM 
vacuum system. Operations and data measurements are controlled through the 
control room console and data acquisition system. For the Series 2 testing a 
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Figure 70. Plan View of Arcjet Test Facility 
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3.6, Test Series 2 Testing (cont.) 


10 kW Eratron plasma power supply was used to provide arc power (see Figure 
71). High voltage power conditioning and connections are contained in a high 
voltage safety cage in the test bay (see Figure 72). The thruster was mounted 
in the vacuum chamber on a thrust stand capable of measuring thrust levels 
from 0 to 250 gm. Both simulated hydrazine decomposition products (i.e., H 2 , 
N 2 , NH 3 ) and other storable propellants are available for testing, with supply 
tanks located in adjacent test bays. 

Electrical Power Supplies and Conditioning Equipment 

The Eratron 10 kW PPS power supply can provide up to 
47 amps continuous and an open circuit voltage of 1200 volts. Operating 
characteristics are summarized in Figure 73. During constant current opera- 
tion the voltage ripple from the power supply was measured to be less than 2 % 
of the total voltage at a frequency of 5375 Hz. To further reduce the ripple 
current an inductive "T" filter was designed and installed in the arcjet power 
circuit. 


During Test Series 1, the arcjet was operated with a 50 ohm 
ballast resistor in series with the arc to compensate for the slow response of 
the current control circuit on the Technion power supply. During checkout 
testing prior to test series 2 the current control response of the Eratron 
power supply was found to be slower than expected. A 40 ohm resistor was 
required to provide arc stability. The impedance of the arc during testing 
ranged from 10 to 20 ohms. 

Propellant Delivery and Supply System 

A schematic of the propellant delivery system is shown in 
Figure 74. The propellant consisted of a mixture of N 2 , H 2 , and NH3, in the 
proportions shown in Table XII to simulate the decomposition products from a 
high performance hydrazine gas generator. The gas mixture was prepared at 
Aerojet and stored in 34.4 liter tanks pressurized to 4054 kPa. The maximum 
pressure was set at 4054 kPa to prevent condensation of the NH3 at ambient 
storage temperatures. The propellant tanks were connected to a manifold as 
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Figure 71. Eratron 10 KW Variable Power Supply Used for Arcjet Performance 
Testing at Aerojet 
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Figure 72. High Voltage Safety Cage Used to Store Ballast Resistors and Filtering Circuits 


Voltage 


Arcjet Power Supply Characteristics 


Eratron, Model #PPS-8210 


Rating 

0 - 10 KW 

Voltage 

0 - 600/414/300 

Current 

0 - 16.5/24/47 

Voltage Reg. 

±1% 

Current Reg. 

± 0.1% 

Volt. Adj. 

0 - 100% 

Current Adj. 

0 - 100% 

Output Ripple 

1% 

Input 

120 VDC 



Figure 73. Operating Characteristics of Eratron Power Supply 
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Pressure Regulator 
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Figure 74. Propellant Delivery System 







TABLE XII 
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3.6, Test Series 2 Testing (cont.) 


shown in Figure 75 and isolated from the down stream flow metering by a pres- 
sure regulator. 


The mass flow rate of propellant was measured by two 
methods, a sonic orifice and a Matheson 820 mass flow meter. The mass flow 
rate through a sonic orifice is primarily a function of orifice size and the 
upstream temperature and pressure. The orifice was calibrated in place by 
flowing propellant into a known volume which has been initially evacuated. By 
using a large volume and maintaining a sonic flow through the orifice, the 
mass flow rate could be determined with an uncertainty of ±2%. The Matheson 
mass flowmeter was calibrated at Aerojet's Calibration Laboratory with 
The propellant mass flow rate was then determined by applying a correction 
factor supplied by Matheson for the gas mixture. 

A liquid hydrazine delivery system shown in Figure 76 is 
also available for use in testing but was not used. The supply tank is 
approximately 35 liters in capacity. The system has fast acting valves for 
purge and pressurization functions. 

Vacuum System 

A Kinney T00850 850 CFM vacuum pump was used during the 
performance testing of the thruster. A high conductance heat exchanger, shown 
in Figure 77, was used to cool down hot gases from the arcjet, prior to 
entering the pump. The pumping speed curve for the pump is shown in Figure 
78. Figure 79 shows the background pressure in the test cell as a function of 
propellant flow rate using the pump. The figure also shows the present cap- 
ability of the system with a Kinney MB6500 roots blower installed (the pumps 
are shown in Figure 80). The vacuum chamber was pumped down to approximately 
10 microns prior to testing. At this pressure, a voltage exceeding 2000 volts 
could be placed across the anode and cathode without an electrical break- 
down. A voltage breakdown test was performed prior to every test. 
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Figure 76. Hydrazine Propellant Delivery System 
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Figure 77. Vacuum Chamber Heat Exchanger 
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TYPICAL PUMPING SPEED CURVE 
MODEL KT-850 



Figure 78. Pumping Curve for 850 CFM Kinney Pump 
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PUMPING SPEED IN CUBIC METERS PER HOUR 




Figure 79. Vacuum Cell Pressure During Testing 




Figure 80. 6000 CFM Vacuum Pumps 
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3.6, Test Series 2 Testing (cont.) 


Data Acquisition System and Measurements 

A diagram of the data acquisition and control system is 
shown in Figure 81. An Apple lie computer is used as the controller for the 
system, commanding the Daytronics data logger for data acquisition. Two other 
computers are used for data storage (one for high speed data and one for low 
speed). The control system is operated from the main control console by the 
test engineer. The computer controller is programmed with interlocks to 
shutdown the power to the arcjet if propellant flow is low, thruster body 
temperatures are out of limits, or if anomalies in the voltage/current behav- 
ior of the thruster are detected. 

The following measurements were made during the testing: 

1. Arc voltage and current 

2. Thrust 

3. Propellant mass flow rate 

4. Magnet current 

5. Vacuum system pressure and temperature 

6. Magnet water flow rate 

7. System conditions 

Figure 82 lists the types of transducers and the approx- 
imate uncertainty of the measurements. All transducers have been calibrated 
prior to use, either in Aerojet's Calibration Laboratory or in place, against 
calibrated standards. Records of the calibrations have been maintained to 
assure traceability of the measurements. 

Figure 83 shows the signal conditioning and processing of 
the transducer outputs. The system provides a means of in-place calibration 
of the data channels and checks the data system operation. The Daytronics 
System 10 shown in Figure 84 is the main analog-to-digital converter used to 
scan data channels. Outputs from the transducers can be amplified and fil- 
tered if needed to provide a signal compatible with the Daytronics. 
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Figure 81. Arcjet Test Facility Data Acquisition Control Logic 
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Figure 82. List of Transducers and Associated Uncertainties 
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Figure 83. Instrumentation Block Diagram 
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Figure 84. Data Aquisition and Control System 


3.6, Test Series 2 Testing (cont.) 


The most difficult measurement made during the testing was 
the thrust from the arcjet. A 250 gm full scale thrust stand shown in Figure 
85 was used during the program. The thrust stand is a parallelogram design, 
with four flexures. The design greatly reduces bias in the thrust measurement 
due to rotation during displacement. A load beam transducer was used to 
measure the thrust, a second load beam was used as a calibration load cell. 

For in place calibration of the stand, a force is applied to the thrust meas- 
urement load cell by the external pressurization of bellows which cause the 
calibration load cell to push on the thrust stand. The reading from the two 
load cells can then be compared to determine the bias in the stand. The 
calibration of the load beams and the stand tare was also periodically checked 
with calibrated weights suspended from a pulley as shown in Figure 86. The 
thrust stand calibration and tare calculations details are contained in 
Appendix E. 

Test Setup 


For the Series 2 testing the thruster was mounted on the 
250 gm thrust stand described previously, and installed in the vacuum test 
cell. Figure 87 shows the arcjet mounted in the tank prior to testing. Water 
cooled flexures, mounted perpendicular to the thrust direction provide arc 
power and magnet power. A tubular flexure provides propellant to the thruster 
(on the right side of Figure 87). 

The arcjet power circuit is shown in Figure 88. Arc power 
is supplied by the Eratron power supply described previously. The current 
from the power supply is passed through a "T" filter consisting of two 100 
micro-henry inductors, and a 110 micro-Farad capacitor, with a bleed 
resistor. A ballast resistor of 40 ohms was used in series with the arc. Two 
voltage dividers were connected across the arcjet electrodes to measure arc 
voltage. Arc current was measured with a precision 50 amp current shunt. 

Test operations were controlled from the control console 
shown in Figure 89. The video monitor shown displayed an image of the arc 
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Figure 85. Aerojet Thrust Stand 
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Figure 86. Calibration of Thrust Stand with Weights 
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Figure 87. Overall View of Arcjet Thruster in Vacuum Tank 
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Figure 88. Schematic Drawing of IKw Arcjet Electrical Circuit 
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89. Control Console for Arcjet Test Facility 


3.6, Test Series 2 Testing (cont.) 


viewed looking up the nozzle. The video tape of each test has been maintained 
as a permanent record. During the tests, the video served a diagnostic tool 
for monitoring starts and arc operation. The operator can control the power 
supply current, data acquisition system and propellant supply system from the 
console. To ensure proper test conditions at the beginning and end of the 
tests, a check list of critical procedures was maintained. Figure 90 is a 
long form of the test record used to note exact conditions of the tests. A 
summary test sheet shown in Figure 91 was used by the test engineer to check 
all critical items. 


The start procedure used during Test Series 2 is similar to 
that described in Section 3.5. After the vacuum chamber had been pumped down 
to a pressure of approximately 10 microns with no flow, a voltage breakdown 
test was performed. If a potential of 2000 volts could be maintained, the 
electrical leads and cathode were considered sufficiently isolated. An auto- 
matic thrust stand calibration was then performed to determine thrust stand 
offset and bias. The calibration was controlled by a computer program which 
activates a valve to a pressurized nitrogen supply. The gas then pressurized 
a set of bellows on the stand, which in turn applied load to the stand through 
a calibrated load cell. A summary of the thrust stand calibration data for 
the tests is included in Appendix E. 

When the calibration was complete, the current control 
circuit of the power supply was then preset to a desired operating current, 
typically 8.0 amps. The power supply was then activated and an open circuit 
voltage of 700 volts was placed across the electrodes. The data acquisition 
system and video camera system were then turned on and a solenoid valve in the 
propellant line was opened. The arc would initiate as the chamber pressure in 
the arcjet increased. An initial flow of approximately 40 mg/sec was used for 
most starts, the flow rate control set point was then changed manually during 
the parametric tests. 

The interlocks of the data acquisition system which command 
shut down of the power supply if propellant flow is lost or if unusual elec- 
trical operation (i.e., high current or voltage) were manually suppressed for 
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Run Number: 


Date: 


By: 


Test Objective: 

1.0 Configuration Identification Summary 

1.1 Arciet 

Cathode: 

Insulator: 

Anode/Nozzle: 

Magnet: 

Other: 


1.2 Facility 

Vacuum System: 
Propellant System: 
Test Stand: 

Fewer Supplies: 

Instrumentation: 

Controls: 

Other: 


2.0 Planned Test Conditions 
Start Procedure: 

Propellant: 

Power Level: 

Propellant Flew Pate: 

Duration: 

Magnetic Field: 

Figure 90. 1-KW Arcjet Set-Up Sheet (Page 1 of 4) 
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3.0 Operation Sequence 


3.1 Pretest Check 


3.1.1 Instrumentation 

Pretest: Functional, Zero, and Calibration 

Data Record: Hard Copy ; Disc 

Data Rate: Seoonds/Scan 

Video System Ready 

3.1.2 Test Cell and Thruster 

Cathode Gap Set to inches 

Cooling Water on 

Voltage Breakdown Test to volts 

Stand Secured 

Thrust Calibration Check 

Door Installed 

'3.1.3 Vacuum System 

Oil Level OK 

Cooling Water on 

Vacuum Pump on 

Punp Down for Minutes to Less Than 

3.1.4 Propellant System 

Argon Storage Pressure psig 

Propellant Storage Pressure psig 

Argon Regulator Setting psia 

Propellant Regulator Setting psia 


Figure 90. 1-KW Arcjet Set-up Sheet (Page 2 of 4) 


torr 
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3.1.5 Fewer Supplies 

Arc Fewer Supply Set to 

Magnet Fewer Supply set to 

Ballast Resistor Set to chms 

Capacitor microfarad 

Inductor millihenry 

3.1.6 Special Requirements 


3.2 Operation 

3.2.1 start 

Data System on 

Video System on 

Magnet Fewer Supply on 

Pretest Force Calibration 

Arc Fewer Simply on 

Argon on 

Propellant on 

Argon off 

Control Arc current to i 

Adjust Propellant Pressure to 
Pun Duration: Minutes 


Figure 90. 1-KW Arc jet Set-up Sheet (Page 3 of 


psia 


4) 
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3.2.2 Shutdown 

Arc Fewer Supply off 

Propellant off 

Posttest Force Calibration 

Magnet Power Supply off 

Secure Video and Data Systems 

Secure Propellant Systems 

Prepare for Tank Entry 

or 

Prepare far Retest 

4.0 Initial Test Results/Ocmments 


Figure 90. 1-KW Arcjet Set-up Sheet (Page 4 of 4) 
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(Mod. 1) 
SUMMARY 


Run No. : Date: By: 

Startup 

1. Test stand unlocked 

2. Tank pumped down to micron 

3. Voltage breakdown: volt at ma 

4. Test chamber cooling water ON 

5. Argon gas system set to psia* and ready 

6. Propellant gas system set to psia and ready 

7. Magnet power supply ON and set to amp 

8. Arc power supply ready/volt set to 0; current set to 

9. Instrumentation system ready 

10. Thrust stand calibrated 

11. Video recorder ON 

12. Instrumentation ON 

13. Power supplies ON 

14. Gas supply ON 

15. Set test conditions, conduct test 
Shutdown 

1. Power supplies OFF and secured 

2. Switch gas supply to argon 

3 . VCR OFF and titled for next test 

4. Argon OFF 

5. Calibrate thrust stand 

6. Argon ON (if hardware hot) 

7 . Instrumentation off 

8. Record test octnments 

Figure 91. 1-KW Arcjet Checklist 
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3.6, Test Series 2 Testing (cont.) 

30 seconds at the beginning of each test. After that start period, the 
Daytronics data acquisition system would perform shut down to the test in the 
case of abnormal operation. The test engineer also can end a test by shutting 
down the power supply with a master control switch. At the conclusion of a 
test, a post test thrust stand calibration was performed. A comparison to pre 
and post test calibrations was analyzed to determine the tare factor (actual 
thrust/measured thrust) and the zero offset for each run. 

3.6.2 Arc jet Performance Testing 

Table XIII is a summary of the data from the tests con- 
ducted, AJ1K001 through AJ1K026, during Test Series 2. The data values shown 
are just prior to the end of each test. The test set up was configured as 
shown in Figure 88. The tests were conducted for mass flow rates of 38 to 68 
mg/sec, electric current levels of 7.5 to 8.6 amps, and voltages from 85 to 
167 volts, with corresponding power levels from 700 to 1400 watts. 

The tests were started using simulated hydrazine as the 
propellant and the start procedure described in Section 3.6. The 
electromagnet was turned on before each test. A test number has been assigned 
to each experiment when current was drawn from the power supply. The testing 
consisted of four subseries, 2.0 through 2.4: 


Test 


Series 

Test 

Number 

Purpose 

2.0 

AJ1K001 - 

AJ1K005 

System check out 

2.1 

AJ1K006 - 

AJ1K011 

Modification of arc power circuit 

2.2 

AJ1K012 - 

AJ1K019 

Baseline Performance 

2.3 

AJ1K020 - 

AJ1K026 

Parametric Testing 


Performance Calculations 

The method for calculation of data items included in 3.6, 
Table XIII are described below. 
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3.6, Test Series 2 Testing (cont.) 


Vacuum Corrected 
Thrust: 


Specific Impulse: 


Thrust Efficiency: 


No direct measurement of the chamber pressure was possible 
with the design of the research thruster. Calculation of the thrust 
coefficient and characteristic velocity have been made using the inlet 
pressure to the arc jet. This pressure was measured from a tap external from 
the tank and downstream of the flow control. The pressure in the mixing 
chamber is the pressure which should be used for the calculation. The flows 
to the arc chamber and mixing chamber are branched parallel from the supply. 
Most of the arc power is absorbed by the flow through the arc chamber, causing 
an increase in the arc chamber pressure relative to the mixing chamber 
pressure. Since the inlet pressure is always greater than the arc chamber 
pressure a significant difference may exist between the inlet pressure and the 
mixing chamber pressure. 

Thrust Coefficient: Cp = ^ ^ 

A t = Nozzle Throat Area 

P r = Chamber pressure 

u p 

~ r inlet 

Characteristic Velocity: C* 1 = P c \ 9 

ifi 

Arc Power: P = I V 

I = Arc Current 

V = Arc Voltage 

V 

Arc Resistance: R = y 


T = T, 


meas 


+ A+ 


I = 


T 

in g 


Nozzle throat area 
Measured thrust 

e = Effective area ratio of nozzle 

P v = Vacuum chamber pressure 


meas 


T = Vacuum corrected thrust 

jTi = Mass flowrate 

g = acceleration of gravity 


E = 


(.5rtiv ) HQT 


elec 


(• 5lflv ^COLD 


i 
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3.6, Test Series 2 Testing (cont.) 

Test summary sheets containing measured and calculated data 
values for the tests are included in Appendix F. 

System Checkout 

The system checkout test series was conducted to debug the 
test setup and data acquisition system. The testing also familiarized the 
test personnel with the operating characteristics of the thruster. Limited 
data were taken during tests AJ1K001 and 002 while the start procedure was 
reviewed. During tests 004 and 005 the thruster was operated for 10 and 20 
minutes respectively. During these tests a drift In the thrust measurement 
due to radiation heating of the stand flexures and load cell was detected. 

The thermal effects on the stand became apparent after approximately 12 
minutes of operation. Figures 92 and 93 show the chamber inlet pressure and 
thruster body temperature for tests 004 and 005, thermal equilibrium of the 
thruster is achieved reached 10 to 13 minutes into a test. 

The arc voltage and current during tests 004 and 005 are 
shown in Figures 94 and 95. The arc resistance has been calculated from the 
arc current and voltage as has the power; these are plotted on Figures 96 and 
97 for the tests. Using the thrust stand tare correction calculated from the 
pre and post test calibrations and zero shift offsets (procedure and values 
are given in Appendix E) the measured thrust was corrected and the specific 
impulse and thrust efficiency was calculated. Figures 98 and 99 show these 
performance values for tests 004 and 005. 

In addition to obtaining the initial performance data, 
measurements were made on the voltage and current signal to characterize the 
operation of the arc with the Eratron power supply. Figure 100 shows the 
arcjet voltage and current trace during test 002. The measurements were taken 
with an HP 54200A digital oscilloscope. A spectrum analysis of the arc volt- 
age has been obtained during testing, as shown in Figure 101. These measure- 
ments were made with an HP 3561A dynamic signal analyzer. The FFT of the 
signal, shown in Figure 102, shows a high frequency component of the voltage 
signal at 5375 Hz which is the power supply ripple frequency. Figure 103 3.6, 
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1 kW ARC JET TEST NO. AJ1K004 



Figure 92. Inlet Pressure and Arcjet Body Temperatures for AJ1K004 
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Figure 94. Voltage and Current for AJ1K004 
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Figure 95- Voltage and Current for AJ1K005 
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Figure 101. Spectrum Analysis for Arcjet Voltage 
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Figure 102. FFT of Voltage Signal 


163 











3.6, Test Series 2 Testing (cont.) 


shows a typical start transient of the voltage and current measured during 
test 004. Differences in the arc voltage/current characteristics (both 
transient and steady-state) were used throughout the test program as means of 
detecting changes in the thruster's operation from test to test and as 
parameters during an individual test were varied. 

Modification of Arc Power Circuit 

A series of six tests were conducted with inductive "T" 
filters to investigate reducing or eliminating the ballast resistor in the 
arcjet power circuit. For flight applications a ballast resistor is not 
feasible and eventually all filtering and arc impedance compensation must be 
performed with minimal power dissipation. During tests 006 through 010, no 
data values are reported; the arc extinguished immediately after initiation. 
During these tests, the external ballast resistor was completely removed from 
the circuit. An electrical breakdown occurred at the beginning of test Oil 
from the cathode to the aft insulator. The external power circuit was 
returned to the pre-006 configuration prior to the test. 

Baseline Performance of Thruster 


The lower performance measured during tests 004 and 005 
prompted a reevaluation of the data acquisition system and thrust stand opera- 
tion. No problems were discovered, except for an incorrect constant used to 
calculate the propellant mass flow rate in the data reduction program. The 
correction of this constant represented an increase In the actual mass flow 
rate and reduced the specific impulse by approximately 10 percent. Figures 98 
and 99 were calculated using the corrected values. 

Tests 012 through 019 were conducted to document the per- 
formance of the thruster at design conditions. The arc was extinguished 
during the start of tests 012 and 014 by computer control due to an interlock 
limit incorrectly programmed into the control logic. During tests 013 and 015 
the arc extinguished early in the test while the current was being reduced at 
the power supply. 
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3.6, Test Series 2 Testing (cont.) 


Tests 016 through 019 were operated at design flow rate 
over a range of power levels. Tests 016 and 017 were at high power and the 
arc operated in a high voltage mode. During tests 018 and 019 the arcjet 
operated in a low power, low voltage mode. The current in tests 016 and 017 
was 7.9 and 7.8 amps respectively, while the current in tests 018 and 019 was 
8.2 amps. At present there is no explanation for the low arc impedance of 
tests 018 and 019. 


Plots of the digital data from tests 016 through 019 are 
shown in Figures 104 through 119. Figures 104, 105, 106, and 107 show the arc 
voltage and current during the tests. During the start procedure, a 700 volt 
potential is set between the anode and cathode. The voltage spike on 017, 

018, and 019 is the drop of the start voltage to operating conditions. The 
power and arc resistance calculated for the voltage and current measurements 
are shown in Figures 108, 109, 110, and 111. The arcjet body temperature and 
chamber inlet pressure are shown in Figures 112, 113, 114, and 115. The 
performance measured during these tests is shown on Figures 116, 117, 118 and 
119. 


Parametric Testing 

The purpose of tests 020 through 026 was to obtain para- 
metric data on the thruster performance and operating conditions with the 
intent of identifying an operating regime of improved performance. A voltage 
breakdown on the aft insulator of the apparatus occurred during test 020. The 
ceramic tube surrounding the cathode required replacement and the design was 
improved by cementing the tube into the aft insulator. During tests 021 and 
022 the arc extinguished after 135 sec. and 45 sec. respectively. The cause 
of the arc going out has been attributed to overshoot of the Matheson thermal 
flow controller. Test AJ1K023 lasted 80 minutes with the mass flow rate 
increased in increments during the test. Figures 120, 121, 122, and 123 show 
the voltage, current, specific impulse, thrust efficiency, injection pressure, 
thruster body temperature, input power, and arc resistance during the test. 
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Figure 107. Voltage and Current for AJ1K019 



1KW RRCJET TEST NO. RJ1K016 



Figure 108. Power and Resistance for AJ1K016 






1KW RRCJET TEST NO. RJ1K016 



Figure 112. Inlet Pressure and body Temperature for AJ1K016 
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Figure 113. inlet Pressure and Body Temperature for AJ1K017 



1KW RRCJET TEST NO. HJ1K018 



Figure 114. Inlet Pressure and Body Temperature for AJ1K018 
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Figure 115. inlet Pressure and Body Temperature For AJ1K019 
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Ise and Thrust Efficiency for AJ1K023 


IkW ARC JET TEST NO. AJ1K023 
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Figure 122. Inlet Pressure and Body Temperature for AJ1K023 


TEST NO. AJ1K023 
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Resistance for AJ1K023 



3.6, Test Series 2 Testing (cont.) 


Tests 024 and 025 were shut down after 30 seconds by the 
computer because limits were out of range on the flow. The cause of the limit 
problem was that an orifice was removed from the propellant line in order to 
allow higher flow rates and the limits were not changed accordingly. 

Test 026 lasted 37 minutes, the arc extinguished while the 
current was being increased up to 8.7 amps and the flow rate was 64.5 
mg/sec. Several combinations of current and flow rate were tested during the 
run. The data obtained from test 026 is valuable in mapping the performance 
of the thrust. Figures 124, 125, 126 and 127 show the variation of data 
during the test. 


Data Analysis 

The parametric performance data obtain from tests 023 and 
026 has been cross plotted along with previous data (test conditions were kept 
constant in tests prior to 023) in order to determine conditions yielding 
improved performance. The data obtained to date has been with the nominal 
"best" arc gap (gap = 0.348 ± 0.005 cm) determined In the test series 1.0 
testing. Figure 128 shows the relationship of specific impulse and electrical 
power input. Figure 129 shows the variation of electrical power with pro- 
pellant mass flow. Figure 130 shows the variation of specific impulse and 
thrust efficiency with mass flow. The data points were obtained during tests 
where the power level varied from 700 to 1400 watts with most points at 1000 
watts. 


Figure 131 shows the specific impulse of the thruster as a 
function of specific power. A band is shown which represents the envelope of 
operation typical of constricted type arc jets. At a given specific power, an 
increase in specific impulse requires a corresponding increase in thrust 
efficiency of the device. Lines of constant thrust efficiency are included on 
the Figure 131 for reference. Two observations are apparent from the figure, 
the first is that the measured specific power was only two thirds of the 
design value of 30 mw*sec/kg. The second, most striking observation is the 
trend of decreasing specific impulse with increasing specific power. 
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1 kW ARCJET TEST NO. AJ1K026 
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Figure 125. Current and Voltage for AJ1K026 


1 kW ARC JET TEST NO. AJ1K026 
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Figure 126. Inlet Pressure and Body Temperature for AJ1K026 
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Figure 128. Specific Impulse vs. Power 
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Figure 130. Specific Impulse and Thrust Efficiency vs. Mass Flow 
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Figure 131. Comparison of Arejet Performance 



3.6, Test Series 2 Testing (cont.) 


Figure 132 shows the thrust to power ratio plotted against 
the specific impulse. The data shows an unexpected trend in that thrust to 
power ratio increases with increasing specific impulse. Typically, the thrust 
to power ratio is inversely proportional to the specific impulse. Since the 
higher specific impulses were measured at high mass flow rates and high power, 
the trend may indicate that the device performs better at a 3 or 4 kw power 
level. The reason for this may be a change in the internal flow at the ele- 
vated flowrates, including an increase in the average Reynolds number in the 
thruster, which may reduce flow losses. 

The thrust efficiency of the device as a function of spe- 
cific impulse is shown in Figure 133. Again an atypical trend can be seen in 
the data. The thrust efficiency of the thruster increased with increasing 
specific impulse. This data also indicates that the thruster design was more 
suitable for operation at higher mass flow and power than the design point. 

Mixing and Heat Transfer Losses 

The operating conditions of 2.25 kw and 107 mg/sec, pro- 
jected from Figures 128, 129, and 130, assume that no modifications are per- 
formed on the thruster. The measured arcjet body temperatures of between (900 
to 1000 C) indicate that there is more heat transfer from the arc and gas to 
the thruster internal surfaces than designed. One explanation for this heat 
transfer is that excessive mixing is occurring in the mix chamber between the 
hot core gases and the injected film cooling. This results in an increase in 
the gas temperature near the wall and a reduction of average temperature of 
the core flow and a corresponding increase in the gas temperature in the 
boundary layer near the wall. A reduction in the amount of mixing could be 
achieved by reducing or eliminating the expansion ratio between the anode and 
mix chamber. A modification the relative aspect ratios of the anode and mix 
chamber may enable the thruster to achieve 400 sec specific impulse at the 1.0 
kw power level. 


In addition to eliminating the expansion ratio into the 
mixing chamber, recent studies at Technion^l under contract to Aerojet and 
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Figure 132. Thrust to Power Ratio vs. Specific Impulse 
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Figure 133. Thrust Efficiency vs. Specific Impulse 



3.6, Test Series 2 Testing (cont.) 


AFAL on 25 kW class arcjets, indicate that for certain propellants, including 
hydrazine and ammonia, the amount of energy that can be recovered in the 
mixing chamber is negligible and can be detrimental because convective heat 
transfer and momentum losses in the region are high. 

Flow Split Between Arc Chamber and Mixing Chamber 

The injection ports in the arc chamber and the mixing 
chamber were sized so 75% of the total propellant mass flow rate would flow 
through arc chamber and be heated by the arc. This was a conservative design 
to ensure that the components of the baseline thruster would be overcooled and 
have long enough life that the thruster would survive the test program. The 
remaining 25% of the flow Is injected In the mixing chamber to provide film 
cooling in the nozzle. At the conclusion of Test Series 2, cold flow 
measurements were performed to check the flow split. The flow split was 
measured to be 40% of the total mass flow through the mixing chamber. A 
reason for the difference could be either the arc chamber injection ports 
having diameters larger than design due to machining variation or a port(s) 
might be clogged with metal shavings. Another possibility is that leaking is 
occurring through the internal weld connecting the anode (part IT508002) and 
the nozzle (part #T508003). 

Since the flow split is fixed for the thruster as it is 
presently designed, less flow than expected was coupled to the arc during 
testing. The additional gas Injection In the mixing chamber lowered the 
performance of the thruster in two ways. The major effect was a built-in 
upper limit on achieveable specific impulse. A fixed plasma arc configuration 
heats the gas flowing through the discharge to essentially a fixed enthalpy. 
Therefore, reducing the percentage of gas available for arc heating has a 
profound effect on delivered specific impulse. Not only is a smaller quantity 
of hot gas available for mixing with a larger quantity of cold gas, but also, 
to a first approximation, as the flow rate through the arc is reduced, the 
achieveable power input is also reduced. 
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3.6, Test Series 2 Testing (cont.) 


In addition, excessive mixing of the hot centerline flow 
and the injected mix chamber flow caused further I $ reduction because of 
enhanced convection losses to the mix chamber and nozzle. The excessive 
mixing was the result of the anode-to-mix chamber transition geometry, which 
was too abrupt, and the larger than design amount of injected cold gas. 

Figure 134 shows a possible projection of the improvement 
in performance of the arcjet with the design flow split of 25%. The 
projection assumes that the arc power absorbed per unit mass flow and the 
fixed losses are the same as measured data values. The first assumption is 
only valid over a limited range of flow splits. The second assumption is 
conservative since convective losses to the thruster would be less. As seen 
from the figure, a projected flow split of 10% of the flow through the mixing 
chamber, which may represent an optimum flow split, leads to dramatically 
improved performance. Future work on the thruster must contain a provision 
for varying the flow split in order for the performance to reach desired 
levels. Figure 135 shows our estimate of the improvement in specific impulse 
as the flow split of the thruster is changed. 

Figure 134 and 135 may be conservative since it is assumed 
that the flow split during operation is equal to that measured at cold flow 
conditions. Since the flow to the arc chamber and mixing chambers are 
parallel branches from the inlet propellant line, the flow through the arc 
chamber actually decreased due to an evaluation in arc chamber pressure as the 
gas was heated. Since no arc power is absorbed in the mixing chamber and cold 
gas is mixed with the hot arc heated gas, the mixing chamber pressure is less 
than the arc chamber pressure. Figure 136 illustrates the reduction in the 
percentage of propellant mass flowrate through the arc chamber as power level 
increases. The specific enthalpy of the mass flow through the arc chamber 
increases as the mass flow through the arc chamber decreases, in order to 
maintain a constant exit enthalpy. 
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Figure 134. Performance Improvement of Increasing Flow through Arc Chamber 
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3.6, Test Series 2 Testing (cont.) 


Nozzle Losses 


Thrust coefficients calculated from the data have ranged 
from 0.9 to 1.1 during hot operation. These values are below the Cf/C d of 1.6 
assumed in the design and is well below what is expected for orifice flow. 

Part of the discrepancy is due to the use of the inlet pressure rather than 
the true chamber pressure in the calculation and the effects of the vortex 
flow. Improper machining of the nozzle could result in viscous losses causing 
a significant reduction in the thrust coefficient. The actual thrust 
coefficient of a nozzle can be expressed as the product of a discharge coef- 
ficient C d , a cosine loss term x, and the theoretical thrust coefficient 


c f = c f * x * C, 

T act T theo 

Typically the value of C d is a approximately 0.96 to 0.99. 
Roughness and a long cylindrical section (3 to 6 L/D ) in place of the intended 
throat could reduce the discharge coefficient by 30$ to 40$. The length of 
the throat and roughness on the inlet section cannot be determined due to the 
re-entrant geometry of the thruster. However, measurements have been made on 
the nozzles used for the nozzle test program, which were machined in a similar 
manner to the thruster nozzle, and the existence of a long cylindrical section 
was verified. A 30$ improvement in the actual thrust coefficient would 
increase the best performance measured, 310 sec Isp and 22$ thrust efficiency, 
to 400 sec Isp and 37$ thrust efficiency. A combination of improved nozzle 
design, reduced mixing and heat transfer from the hot core gases with the film 
cooling layer, and optimization of the flow split should result in an even 
greater improvement in performance of the thruster. 

Summary of Thruster Condition at Conclusion of Testing 

Figure 137 shows and overall view of the thruster and its 
components after test 026. In order to prevent the electrical breakdown from 
the cathode to the rear flange of the arcjet which occurred during the start 


204 




3.6, Test Series 2 Testing (cont.) 


of 020, the aft insulator, ceramic tube, and rear flange were permanently 
sealed together with ceramic cement as shown. 

Figure 138 shows the cathode after test 026. No 
significant change in appearance or dimensions of the cathode was detected 
from the conclusion of Test Series 1 to the finish of Test Series 2. The arc 
chamber insulator is shown in Figure 139. Slight wear at the lip of the 
cathode feed-through can be seen. This wear may be attributable to removal 
and replacement of the cathode for inspection and during assembly during the 
test program. The arcjet anode is shown in Figure 140 (viewed from rear 
flange). By scaling the photograph the anode diameter appears to be 
approximately 0.107 cm ± 0.008 cm. Earlier estimates of the anode reducing to 
0.094 cm (determined by passing a rod through the anode) may have been due to 
deposition of cathode material in one location rather than a uniform reduction 
in diameter. 


Figure 141 shows a view of the nozzle. The darkened 
appearance on the inner diameter appears to be oxidation. A crack in the 
nozzle can be seen from the photograph. This crack has been examined under a 
microscope and can be seen only with certain lighting angles. It cannot be 
determined if the crack is newly formed or has been present during the entire 
test program. During the inspection of the crack, arc tracking in the nozzle 
slightly down stream of throat was detected. 

Detail photographs of the arc tracking are shown in Figure 
142. The photographs are oriented so the view is looking towards the nozzle 
with the top the photo corresponding to the top of the thruster. It can not 
be determined when the arc tracking occurred during the testing. 
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Cathode after Completion of Test Series 2 
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Figure 138. Cathode after Completion of Test Series 2 (cont) 



(a) Overall View (Approx. 11 X) 

Figure 139. Arc Chamber insulator after Test Series 2 
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Figure 139. Arc Chamber Insulator after Test Series 2 (cont.) 



ORIGINAL PAGE IS 
OF POOR QUALITY] 



211 


Figure 140. Anode Face after Completion of Test Series 2 (Approx. 3X) 
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(a) First View in Nozzle Throat (Approx. 25X) 
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(b) Second View in Nozzle Throat (Approx. 25X) 


4.0 CONCLUSIONS AND RECOMMENDATIONS 


The following sections present the specific conclusions and 
recommendations of the program based on the Phase I results. The program 
performance goals of a specific impulse greater than 400 seconds, a thrust 
efficiency of greater than 40%, with a storable propellant and components with 
3000 hours of life were not achieved during of the program. In spite of this 
disappointment, we feel the program successfully demonstrated the feasibility 
of an advanced arc jet concept, which when optimized may provide the high 
performance and long life needed to the program goals. 


Three critical issues were addressed during Phase I of the program 
concerning the development of the thruster. The first is the demonstration of 
stable arc operation with projected electrode life long enough to make the 
device a viable propulsion system. The second issue is that the arcjet can 
provide the minimum performance required to perform anticipated missions and 
justify the cost of development. The final issue is that the arcjet can be 
developed into a flight-weight, reliable, and cost effective propulsion 
unit. The work performed during Phase I of the program has addressed each of 
these Issues and the potential benefits of the advanced arcjet concept. While 
the results during Phase I were less than hoped for, we believe that the 
approach the advanced arcjet shows merit and with continued development can 
meet NASA's needs. 

ASSESSMENT OF ARCJET OPERATION AND LIFE 


The high impedance, vortex stabilized, arcjet has been tested over a 
wide range of operating conditions. 


Power: 

Propellant Mass Flow: 
Current: 

Voltage: 

Arc Gap: 

Magnetic Field: 


500 - 2000 watts 
23 -70 mg/sec 
5-12 amps 
80 - 220 volts 
0.25 - 0.87 cm 
0 - 800 gauss 
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4.0, Conclusions and Recommendations (cont.) 


The most stable arc operation was found at the following Conditions. 


Power: 

Propellant Mass Flow: 
Current: 

Voltage: 

Arc Gap: 

Magnetic Field: 


700 - 1400 watts 

40 < mass flow < 70 mg/sec 

7.5 - 8.5 amps 

120 - 160 volts 

0.34 cm 

400 gauss 


During the test no failure of the thruster in the arc region and nozzle 
occurred. Electrode erosion of the baseline design extrapolates to 1000' s of 
hours of life for the cathode and anode, the cathode erosion slowed as the 
conical portion of the tip recessed to the flat tip. Once the cathode 
attained a nearly flat shape, no significant erosion was measurable. Figure 
143 shows the cathode tip erosion rate calculated from cathode tip regression 
measurements. The erosion rate measured between 80 and 104 hours of operation 
was 0.23 u m/hr. the rapid decrease in the erosion rate indicates that the 
cathode was approaching a "stable" (i.e., minimal erosion) geometry. Further 
testing with a baseline flat cathode tip should be undertaken to confirm this 
conclusion. Minimal erosion of the anode was measured during the testing. A 
reduction in the anode diameter was detected, but it could not be determined 
if it was due to redistribution of anode material or deposition of cathode 
material . 


ASSESSMENT OF ARCJET PERFORMANCE AND SUGGESTED DESIGN IMPROVEMENTS 


Several causes for the low performance measured form the baseline 
research thruster have been identified. 

1. Convective heat loss from the arc heated propellant gas to the 
internal surfaces of the thruster prior to expansion through the 
nozzle. 
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Figure 143. 1KW Arcjet Cathode Erosion Rate 


4.0, Conclusions and Recommendations (cont.) 


2. Fixed flow split limiting the amount of propellant mass flow which 
could be heated by the arc. 

3. Viscous losses and inefficient expansion of propellant through 
nozzle. 

Each of these causes is the result of thruster design and not a deficiency in 
the physics of the approach. 

One of the goals of the high impedance, vortex stabilized arc jet is to 
achieve high efficiency by reducing energy loss from the arc and hot core gas 
to the thruster body. Since the centerline temperature of the arc and gas are 
estimated to be less for the advanced arcjet than the constricted arcjets of 
the 1960's (12,000 to 16000 K compared to 30000 to 40000 K), radial 
temperature gradients in the gas and resultant heat loss should be less for 
the advanced arcjet. However, for a given specific impulse, the mass averaged 
temperature of the exhaust gas must be the same for both the constricted 
arcjet and the advanced arcjet. This implies that more gas must flow through 
the arc for the advanced arcjet, and that less gas is available for film 
cooling. 

Mixing of the film coolant gas and of the hot core gas in the present 
thruster design has actually increased the amount of heat transfer to the 
thruster in the mixing chamber region. In addition, temperature 
stratification of the flow due to its vortex action was reduced by the abrupt 
expansionof the gas from the anode to the mixing chamber. To correct these 
problems, we recommend that the expansion from the anode to the mixing chamber 
be reduced as shown in Figure 144. Also, the amount of flow used for film 
cooling should be reduced. This is not possible in the present thruster, but 
could be included in a future design. 

Not only was the absolute amount of film cooling more than required, 
the ratio of the flow through the arc chamber to the flow injected for film 
cooling (mass flow arc /mass flow film coo t i n g = 1.5 ) was too low. To achieve 
optimum performance from the thruster only 10 to 15 percent of the total 
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Figure 144. Proposed Modification of Baseline Thruster to Improve Performance 


4.0, Conclusions and Recommendations (cont.) 


propellant flow should be injected as film coolant. A new thruster with 
separate flow control is required to determine the optimum amount of film 
cooling. At the time of the design of the baseline thruster, the sensitivity 
of the thruster's performance to the amount of film cooling and mixing was not 
expected. Now in light of the Phase I test results, it is clear that this 
issue is of primary importance. 

The loss mechanisms described above were responsible for the low 
performance measured from the advanced arcjet thruster. In addition, we feel 
that through changes to the existing thruster and (or) the design of a new 
thruster each of these loss mechanisms can be reduced and the performance of 
the thruster improved. 

ASSESSMENT OF FEASIBILITY OF DEVELOPING ARCJET INTO A FLIGHT UNIT 

In order for an arcjet to be useful as a thruster, all enabling 
technologies and components must be suitable for space application. For the 
advanced arcjet developed during this program, the major areas of concern 
were: 

1. The use of high temperature materials to allow for radiation 
cooling of dissipated power. 

2. The use of a permanent magnet to provide rotation of anode 
attachment spot. 

3. Adapting the arcjet to the characteristics of a flight-weight 
power conditioning unit (PCU) with adequate current control to 
provide stable arc operation. 

4. The integration of tankage (a flight qualified gas generator for 
H 2 N 4 propellant), valves, and a control system into a propulsion 
package suitable for commercial and military satellite station 
keeping. 
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4.0, Conclusions and Recommendations (cont.) 


Since the size of a flight- type arc jet will be small compared to other 
components of the propulsion unit, the weight penalty for using refractory 
materials is negligible. The baseline thruster was built using thoriated 
tungsten and TZM moly. No problems are foreseen using these materials on a 
flight-type thruster. 

The permanent magnet described in section 3.2 was designed to withstand 
the thermal conditions of the arcjet, while providing the required magnetic 
field for life of the thruster. The development of rare earth cobalt 
materials has increased the maximum operating temperature of permanent magnets 
to approximately 350 C. Testing of the permanent magnet on the thruster 
planned during Phase I was postponed when the Series 2 testing was 
restructured to emphasize parametric testing of the thruster. To verify the 
thermal analysis and life prediction, future testing of the baseline thruster 
or a modified thruster should be done with the magnet in place. 

Development of a flight-weight PCU and the integration of tankage and 
controls for an arcjet propulsion unit will require only the use of state of 
the art technology. Flight weight power supplies are currently being 
developed for high power arcjets by the Air Force; including working being 
done by Aerojet and Technion under contract to AFAL (F04611-86-C-0118) for a 
25 kW arcjet propulsion unit. Storable propellant tankage and high 
performance hydrazine gas generators (some even flight qualified) are 
available for integration into an arcjet propulsion unit suitable for a flight 
experiment. 

ASSESSMENT OF BENEFITS OF PURSUING ADVANCED ARCJET CONCEPT 

The advanced vortex stabilized arcjet concept was developed to meet 
NASA's mission requirements for high performance, low power, long life 
electric propulsion. The requirements include operating for 3000 hours and 
hundreds of firings. The previous 25 years of research on constricted arc 
type arcjets has not yielded a device which could meet life time requirements. 
Therefore, Aerojet and Technion have pursued a completely new approach for 
arcjets, by scaling down the demonstrated technology developed for high power 
arc heaters in the 1970' s. 
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4.0, Conclusions and Recommendations (cont.) 


The arc heater studies in the 1970's l^,17| showed that a higher 
average gas enthalpy could be achieved with arc heaters operating with low 
(12,000 to 16,000K) arc centerline temperatures. Heat losses from arc heaters 
using high (30,000 to 40,000K) centerline temperature arc reduced their 
efficiency. A high centerline temperature arc is typical of constricted arc 
type arc jets and is considered by the authors as a fundamental short coming of 
the conventional approach to arc jet thrusters. 

The development of the advanced arc jet concept is based on creating and 
maintaining a stable low temperature arc. Operationally, the low temperature 
arc is achieved by keeping the current density of the arc low and the 
impedance of the arc high, so at a given power level the current is less than 
a conventional constricted arc type arcjet. The advantages and disadvantages 
of operating either a high or low temperature are summarized as follows: 

Advantages of Operating in the Lower Temperature Regime are: 

a) Profile losses are kept low, i.e., the peak velocity is not higher 
than about 1.4 times the average gas velocity. 

b) The axial heat conduction from the arc channel into each electrode 
will be lower since there will be smaller temperature differences. 

Disadvantages of this Low Temperature Approach are: 

a) A higher percentage of the gas flow must flow through the arc, 
leaving less for film cooling the anode - mixing chamber - nozzle 
structure. This may require more sophistication in the design of 
the gas flow system and in the radiation cooling of the anode. 

b) There has not been an intensive, long term development of this 
approach for radiation cooled arc thrusters. Technology transfer 
from arc heater technology must be used. 

c) More interaction between analysis and experiment is needed in 
order to optimize this type of engine. 
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4.0, Conclusions and Recommendations (cont.) 


Advantages of the High Centerline Temperature Approach are: 

a) There is a significant data base of thruster development from the 
1960's for this type of engine. 

b) There is a thick layer of cool gas between the arc and the 

constrictor wall, keeping the heat transfer to the wall low. 

c) The arc attachment at the anode is self adjusting. 

Disadvantages of the High Centerline Temperature Approach are: 

a) The high ratio of centerline to wall temperature results in high 
profile losses, reducing both Isp and efficiency. 

Since the most efficient arcjet will be the one with the best coupling 
of arc power to the gas and the lowest losses, the low centerline temperature 
arc approach appears best suited for arcjet propulsion. The greatest risk of 
pursuing this approach is that the technology is far less mature than that for 
constricted type arc jets, therefore several fundamental issues already 
addressed for constricted arc type arc jets must be studied for the low 
centerline temperature advanced arcjet. 

PROPOSED APPROACH FOR CONTINUED DEVELOPMENT OF THE ADVANCED ARCJET 

CONCEPT 

In view of the results of Phase I of the program, the advanced, high 
impedance, vortex stabilized arcjet requires further fundamental research 
before being advanced to a flight- type hardware development stage. We 
propose a four step program to advance the technology of the advanced arcjet 
to that of the conventional constricted arc type arcjet. The steps are as 
follows: 


1. Baseline performance testing of the thruster as currently 
configured in a low pressure test facility at NASA LeRC. 
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4.0, Conclusions and Recommendations (cont.) 


2. Modification and reevaluation of the existing thruster to improve 
performance. 

3. Design and test a bread-board research thruster based on the data 
obtained from (2) and Phase I. 

4. If test results from (3) are favorable, then the continuation of a 
limited scope Phase II activity. This program should be oriented 
towards producing an integrated arcjet propulsion unit. 

In order to compare the baseline research thruster to a conventional 
constricted arc type arcjet, testing in a common facility is recommended. We 
feel that the thruster should be tested by NASA LeRC in their electric 
propulsion test facility. The analysis of the Series 2 test data indicates 
that the thruster should be tested at a higher power and higher mass flow rate 
than the design point in order to achieve a specific impulse of 400 seconds. 

In addition, we recommend that a cold flow test of the nozzle be performed to 
determine its cold thrust coefficient and that the thruster be X-rayed to 
determine if any welds have been cracked or obstructions in the nozzle exist. 

Once the above testing has been completed, we recommend that the design 
improvements discussed in detail previously be performed, namely: 

1. Eliminate anode expansion into the mixing chamber. 

2. Increase the nozzle throat diameter and modify the nozzle contour 
to a conventional shape (i.e. bell or cone). 

The thruster should be retested after these modifications. If it is not 
possible to modify the hardware, we recommend that the thruster be sectioned 
and material analysis be performed on the internal surfaces. 

The above activities (1 and 2) describe a low cost approach for NASA to 
evaluate most of the conclusions of this report. In order to continue devel- 
opment beyond this, we recommend that a bread-board thruster be supplied for 
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4.0, Conclusions and Recommendations (cont.) 


testing at NASA with Aerojet and Technion personnel assisting in a consultant 
role. The bread-board unit would have as a minimum, the following design 
features: 

1. Adjustable flow split between the arc chamber and film cooling 
injection ports. 

2. Completely "inspectable" hardware. 

3. Arc chamber pressure tap. 

4. Allow for nozzle inserts and electrical isolation of the nozzle 
from the anode. 

5. Permanent magnet. 

This bread-board thruster could be performance tested at NASA LeRC with 
consulting provided by Aerojet and Technion at NASA's discretion. At the 
conclusion of this activity, and assessment could clearly be made by NASA 
whether further development of the advanced arc jet thruster is warranted. 

If further development is approved, we recommend the initiation of a 
limited scope Phase II of the Arc jet Thruster Research and Technology 
program. The program would be structured towards producing an integrated 
arcjet propulsion unit suitable for a lkW arcjet flight experiment. The 
program would emphasize design and test activities, with limited check out 
tests at Aerojet and Technion and the majority of the testing at NASA LeRC. 

The above program is a low cost and technically sound approach to 
continue work on the advanced arcjet. We feel such work is required before a 
through evaluation of the advanced arcjet concept can be made. The above plan 
allows for maximum use of NASA facilities and experience. 
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APPENDIX A 


AN APPROACH TO THE ANALYTIC OR QUASI -ANALYTIC SOLUTION OF THE 
ARC-LAMINAR GAS FLOW INTERACTION WHERE THE ARC IS VORTEX 

STABILIZED 
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LIST OF SYMBOLS 


flow cross-sectional area (variable) 

radial component of the magnetic field 

azimuthal component of the magnetic field 

axial component of the magnetic field 

charge on the electron 

strength of the axial electric field 

total enthalpy of the gas 

radial component of the current density 

azimuthal component of the current density 

axial component of the current density 

Boltzman's constant 

mass of the molecule 

molecular weight of the atom 

gas pressure 

radial coordinate 

gas constant 

gas temperature 

radial component of velocity 

specific radiation/volume from the gas 

azimuthal component of velocity 

dissociation energy of the molecule 

ionization energy of the atom 

axial component of velocity 

axial coordinate 



LIST OF SYMBOLS (cont.) 


ionization level 

equilibrium ionization level 

dissociation level of molecule 

equilibrium dissociation level 

ratio of specific heats for the molecul 

ratio of specific heats for the atom 

circulation level in the gas, = rv 

azimuthal coordinate 

viscosity of the gas 

radial vorticity component 

azimuthal vorticity component 

axial vorticity component 

density of the gas 

electrical conductivity of the gas 



EQUATIONS: 


The full equations for axisymmetric flow will be presented first, and then the 
set resulting from simplifying assumptions will be written. 


The equation of mass conservation is: 


i 1_ 

r 3r 


(rpu) + (pw) = 0 
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The radial momentum equatin can be expressed as follows: 
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When expressed in terms of the circulation in the gas, r, the azimuthal momentum 
equation is: 
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For convenience, the three components of vorticity are listed: 
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The axial momentum equation is conventionally written as: 
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If the cross-sectional area of the flow field and of the arc are independent of z, 
equation (A7)can be partially integrated and written as: 



(pw 2 + P - u fj) 


dA = 2ttr ( p ~ - P uw) 


(A7a) 


To date, the most useful equation for investigating arcs has been the enthalpy 
conservation equation: 


3h, 


ah. 


pw 


sr 


+ pw 


3Z 


= *2 E Z 


u + - 

r 


3 * sT \ 3 / sT \ 

3 r * x az az^ 


(AS) 


Again, if the cross-sectional area of the flow field and of the arc are independent 
of z, then a partial integration over A > A A yields: 

A A 

fj J (pw h t - x fj) dA = IE - 2itr ( P u h t - x fj} - f UdA (A8a) 

o o 


In the above, if the gas is molecular. 
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Frequently, the thermal energy (1 st line of Equation (A9) ) and the potential energy 
at equilibrium, e.g., B = B eq and a = a Qq (3 and 4 terms on right of Equation (A9)) 
are combined into a single term, called the thermodynamic enthalpy, if the specific 
heat is integrated over the temperature range from * 300°K to the temperature T. 

For a number of important reasons, this will not be done here. 


Since the pressure is sufficiently high to make Hall effects and thermo-electric 
effects negligible. Ohm's law can be written as 

j = o (E + uxB) (A10) 

The equation of state, for a dissociating, ionizing diatomic gas can be written 
as 

2 (M.W.) a 

p= 1TTT-2^RT < A11 ) 
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MODEL AND SIMPLIFYING ASSUMPTIONS 


On the basis of observations (Ref [18]) and some physical reasoning, the arc 
column will be analyzed under assumptions as follows: 


1) The arc diameter is constant over its length. 

2) The electric field is constant over the length of the arc column. 

3) The arc centerline temperature is constant over the length of the 
column. 

4) The radial profile of temperature is similar at each axial position. 

5) Gas Is Injected through the constrictor with a specified constant 
radial velocity and circulation level over the length of the con- 
strictor. 

6) The radial profile of the radial velocity is similar at each axial 
position. 

7) The radial profile of circulation Is similar at each axial position. 

Under the above assumptions and simplification the equations to be investigated 
reduce to: 


r I? < r » u > + h <» w > ’ 0 
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INVESTIGATION OF THE RELATION BETWEEN THE DISTRIBUTION 
OF CIRCULATION AND THE MASS FLUX 


The equation to be investigated here is: 


U _3£ _ 3_ rjJ 3Ti 

r ar ' ar V ar' 


There are two ways to investigate this equation: 


1) Specify pu and y as functions of r and solve for r(r). 

2) Specify r and y as functions of r and solve for pu(r). 


(A12) 


Some of the implications of the second approach are investigated below. 


Typically, in an arc heater, the radial distributions of the circulation, r, and 
the viscosity, y, will be similar to those shown in Figures A1 and A2. 


For convenience these distributions are modeled as follows: 


(A13) 

(Aid) 

where: 

n = r/r w 

ot = constant, greater than unity 
s = constant, greater than unity 
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With these models, the mass flux can be expressed as follows: 
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On the basis of this investigation, some rather startling conclusions can be 
drawn . 


1) There is a limit to the amount of mass flux that can be processed through a 
vortex. The maximum occurs with constant viscosity and a vortex core 
diameter much smaller than the wall diameter. In this case 

"total ' 8 " V 3 

2) The mass flux through the vortex core, for constant viscosity. Is always 
more than 1/2 of the total mass flow. 

3) Conclusions (1) and (2) are valid for all levels of circulation. 

4) The distribution of viscosity decreases the mass flow rate that can be 
processed through the vortex. 

5) The gas always flows radially inward. 

6) The viscosity distribution appears to cause the axial velocity to reverse 
and flow backward at outer radial locations. The solutions do not indicate 
reverse flow for constant viscosity. 


A-9 



Solutions have been made using other models for the radial distribution of 
circulation and viscosity. These solutions lead to the same conclusions, 

(1) through (6) above. 

Conclusions (1) through (5) would appear to be generally valid. More detailed 
investigations are needed to determine whether (6) is an artifact of the modeling or 
a manifestation of some physical phenomenon. Besides this, a number of other ques- 
tions require investigation, e.g. 

1) At what level of r w , does this limiting effect of mass flux cease? 

2) If more mass flow rate than the computed maximum is injected into a vortex 
chamber, what happens? 
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APPENDIX B 

PLASMA FLOW EQUATIONS 
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Model Development 


In the equations used to describe the plasma flow, the question has been 
raised as to the difference between the Navier-Stokes equations for compres- 
sible flow and incompressible flow. This problem has been studied. 

Summarizing briefly the results: 

1) In the continuity equation, the density term must stay inside of the 
differential . 


2) In the momentum equations: 

The convective terms are Identical. 

In Cartesian coordinates, the pressure term Is modified by a term as 
follows: 

P - P + v (2 |^ - | div w). 

When the pressure is about 1 atm, the additional term Is negligible. 

The viscous terms must keep the viscosity inside of the differential, 
e.g., in the angular momentum equation the viscous term is: 
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r £_ (2 ±L) 
ar v r ar' 


The equation of state must be used to define the density. 


The compressible enthalpy equation must be solved for the temperature 
distribution. With energy input from an electrical discharge, the 
viscous dissipation terms can be neglected. 


A model for the radial distribution of circulation has been proposed and used 
to investigate the implications of momentum conservation. The model has the 
following properties. 


1) Near the origin, the gas rotates as a solid body. 


2) Near the wall, but outside of the boundary layer, the product of the 
aximuthal velocity and the radius remains constant. 


3) Near the wall, but still outside of the boundary layer, the level of 
circulation is a constant, independent of axial position. 


As with all models, this one has limitations. When compared with the measured 
values of spin velocity. The following observations can be made: 
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1) The model matches the values of measured spin velocity fairly accurately 
at all radial locations greater than where the peak spin velocity occurs. 


2) The measured spin velocities for smaller radii are higher by 20-30% than 
the values predicted from the model. 

In low-power arcjets, when the gas is spinning, there can be very pronounced 
radial gradients in the axial velocity. There will also be significant radial 
gradients in the temperature. All of these effects make it difficult to 
define a Mach 1 location. Simultaneously, it becomes extremely difficult to 
establish a discharge coefficient, C Q , in the following equation: 

4 P r A* 


For instance, in some cold-flow tests conducted recently at Technion, where 
there was a high value of spin in the gas, values of 

C D - 0.35 to 0.42 

were estimated, based on the chamber pressure measured just upstream of the 
vortex injection holes. Without the spin, a value, 

C D - 0.98 

was anticipated. 
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An investigation of this problem was conducted. The Mach number was not being 
used. Rather, using the mass and momentum conservation equations, relations 
were established among the following nondimens ional variables: 


A mass flow variable 


A spin variable 


A wall drag variable 


The pressure ratio 


In the above equations: 


X = 


a iti 

A P, 


Z = 


r w 

V 


y _ 6 iryfca 
A Pn 


P = P/P, 


T = gas temperature = constant 

a = speed of sound 

A = flow cross-sectional area 

p 0 = wall pressure at upstream end 

p = average pressure at each flow cross-section 

r w = peak circulation in the gas 

r w = radius of the flow channel 

v = viscosity of the gas 

i = length of the flow channel 
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Once closed-form relations have been established among X, Z, Y, and P; Z and Y 
are held constant and the maximum value of X as a function of P is found. 

This criterion Is used to establish the critical flow rather than the sonic 
condition which is ambiguous with the pronounced radial gradients that occur 
throughout the whole flow field. 
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SCALING LAWS FOR ARC THRUSTERS 


C-l 


INTRODUCTION 


There are three sets of variables that need to be given consideration in 
establishing scaling laws. These are: 

1) Performance Parameters (User Interface) 

Power level 
Specific impulse 
Thrust efficiency 
Thrust level 
Lifetime 
Engine weight 
Engine size 

2) Controllable Quantities (Engineering Interface) 

Type of propellant 

Mass flow rate and the distribution of its Injection 
Circulation level of gas injected into the vortex chamber 
Discharge current 
Geometry of the engine and nozzle 

Stability effects of interaction between the arc and the power supply 
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3) Operational Parameters (Scientific Interface) 


Peak temperature in the electrical discharge 
Heat flux rates at all critical locations 
Chamber pressure 

Voltage drop across the discharge 

Reynolds number effects (laminar vs. turbulent flow) 

Arc stability effects 

In practice, scaling laws for any magneto-fluid-dynamic device can consist of 

any one of the following: 

a) Relations among controllable parameters and output performance quantities 
can be obtained from making analytic solutions to all of the relevant 
magneto-hydrodynamic equation. Simultaneously, the solutions must ensure 
that the values of important operational quantities, e.g., potential drop 
across the discharge, wall heat flux at all critical locations, etc., 
must fall within limits controlled by materials properties and facility 
limitations. 

b) Same as a), only replace "analytic solutions" by "an adequate number of 
numerical solutions." 
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c) Assembly all relevant experimental data. Using cross-plots, nondimen- 
sional parameters, etc., and ingenuity, establish relations between Group 
1) and Group 2) parameters. As feasible, also establish relations 
between Group 3) and Group 2) parameters. 

DISCUSSION 


If Approaches a) and b) can, in reality, be carrier out, then an optimum arc 
thruster can be designed and built to meet specified performance requirements, 
e.g., maximum Isp, maximum life, etc. Despite numerous attempts, however 
(19,20,21,22,23,24,25,26) practical scaling laws have not resulted from these 
approaches without "calibration" of "constants" or codes. This Is not totally 
surprising since the analysis must Include, at least, all of the following: 

1. A solution to the arc-gas flow Interaction In the region between the 

cathode attachment and the column. This region is dominated by what can 
be called current-density constrictions; this results in the highest 
power dissipation per unit length of the arc and usually the highest 
temperature seen anywhere In the arc. As gas Is pumped electro- 
magnetically through the expanding arc column, It can be heated to the 
highest enthalpy available from arcs. For this reason, when the driving 
design criterion is the attainment of maximum specific Impulse, as 
occurred in the 1960's, many of the arc thrusters were designed to 
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capitalize on heating the gas in this region only and were hence short 
enough so that no recognizable arc column developed (References 23, 

386). Because this region is dominated by nonequilibrium effects, 
analytic solutions to the relevant equations have only been partially 
successful (References 27,38,29). 

2. A solution to the arc-gas flow interaction in the constrictor region. 

This must include the constraints on the axial and radial flow of gas 
imposed by introducing the gas with some circulation level. Simultane- 
ously, the parameters of the vortex core must be solved for. In most arc 
heaters and thrusters, where gas flow has been mapped, gas has been found 
to flow upstream (away from the nozzle) in the radial positions near the 
constrictor wall over some fraction of the constrictor length. To date, 
no analytic or, for that matter, numerical code for arc heaters has been 
able to predict this type of flow and its influence on arc properties and 
gas heating. 

3. Some method of accurately predicting the centerline temperature of the 
arc over its length, from the cathode attachment to the anode attach- 
ment. Some success has been achieved in calculating arc temperatures in 
the column region for wall-constricted arcs (References 30,31,32). 
Typically, temperatures calculate out to be close to that found for wall- 
confined arcs with negligible gas flow through the channel. In these 
cases, centerline temperatures are related to wall heat fluxes and, 
hence, the calculation of temperature distribution and peak centerline 
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temperature represents the solution to a well-defined thermal boundary 
value problem. This is not the case for a vortex-stabilized arc where 
the radial inward mass flow often precludes any conducted or convected 
energy from the arc from ever reaching the "constrictor" wall. In such 
cases, the determination of an arc centerline temperature is no longer a 
well-defined thermal boundary value problem, and alternate methods of 
evaluating the centerline temperature and radial temperature distribution 
must be Investigated. 

When a high percentage of the heating of the gas is done in a constrictor 
where the arc Is wall -confined, then reasonably useful and accurate scaling 
laws have been derived and found useful in designing high-current (over 1000 
amps), low-pressure (under 10 atmospheres), high-power (over 100 kW) wind 
tunnels. These scaling laws are only marginally useful to the 1 kW arc 
thruster program for the following reasons: 

1. Wall confining a low-current (under 10 amps) arc leads to unacceptably 
high wall heat fluxes. 

2. Turbulent flow occurs in almost all arc wind tunnels. The flow is likely 
to be totally laminar in the 0. 5-3.0 kW arc thruster. 
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For arc heaters/thrusters that are not wall confined, data correlation tech- 
niques have been relied upon almost exclusively for establishing scaling laws 
(References 18,33). Such techniques can be very useful and accurate for 
interpolation over the range of controllable parameters where data have been 
acquired. Extrapolation outside of the data base must be done with great 
caution. 

CONCLUSIONS 


In view of the limitations of existing analytic and experimental arc heater 
and arc thruster studies, great care must be exercised in extrapolating these 
data to the low power level of this program (0.5 to 3.0 kW). 
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APPENDIX D 

PREPARATION OF PERFORMANCE ESTIMATE CHARTS FOR GASEOUS PROPELLANTS 
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The following steps are followed in generating these charts: 


1) Using the thermodynamic data from the JANAF tables, the equilibrium 
partial pressures for all constituents are computed. 

2) The equilibrium enthalpy change, h, entropy, S, and molecular weight, MW, 
are computed using the partial pressures from No. 1. 

3) The "frozen" specific heat, (C p ) f , Is computed. Using this quantity, the 
ratio of the specific heats, is computed for frozen flow. 

Yf « C 0 /C p = R/MW 

4) The speed of sound for frozen flow Is computed. 

a c " / y f MW 

5) The flow coefficient, is computed. 


Y f 



Y f + 1 

2Tr f -"IT 


6) Assume a power transferred to the gas, Pq. 

7) Assume a set of values for Cp/C D . 
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8) 


Compute a mass flow raee. 


Hi = P c /Ah 

9) Compute an exhaust velocity, w. 



10) Compute a thrust. 


F = ifiw 


11) Compute a specific impulse. 


Isp = 


C F a c 
C D Y f 9 


12) Plot Isp vs. F over desired temperature range and desired range of Cp/Cp. 
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APPENDIX E 

THRUST STAND CALIBRATION DATA 


E-l 


A calibration of the thrust stand was performed before and after each 
performance test during Test Series 2. The calibration was done by applying a 
known force to the thrust stand (measured with a calibrated load beam) and 
recording the force measured by the load beam used for the thrust 
measurement. The accuracy of the load beams was checked periodically by 
loading them with precision weights. The effect on the thrust measurement 
caused by pressurization of propellant and the cooled power leads was also 
measured and found to be insignificant. 

The pre- and post-test calibration was computer controlled. The computer 
controller commands two fast acting solenoid valves, one which pressurizes the 
system and one which vents the system. Pressurized nitrogen was used to 
expand a bellows which pushed a calibrated load cell up against the thrust 
stand. The thrust stand was loaded in increments of approximately 10 gm from 
0 to 50 gm and then the load was reduced in 10 gm increments back to 0 gm. At 
each step in the calibration, the computer controller would wait a sufficient 
time (30 to 90 sec) to allow the stand to reach a steady reading, and then 
would collect data for that step. A sample output for test AJ1K023 is shown 
in Figure IF. The output data was reduced to determine the average tare at 
each load step, the initial and final zero offsets. Test were only conducted 
if the pre-test calibration indicated that the stand was reading properly 
(i.e., Tare ave < 10%, and no significant difference in zero at beginning and 
end of calibration). 


E-2 



From the thrust stand calibration the tare and offset corrections for the 
thrust measurement were determined as follows: 

Tare = Force actua ,/Force measured 

Initial Offset = load beam measurement with no propellant flow 
immediately prior to test 

Final Offset = load beam measurement with no propellant flow 
immediately after test 

Thrust cor = Tare*(Force meas - initial offset) 

When the final stand offset differed from the initial stand offset due to 
thermal drift of the stand and load cell the offset was determined by linear 
interpolation during the test. Table IF summarizes the corrections to the 
measured thrust for the performance data included in this report. 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 


PAGE NO. 1 


(SECS) 

(LBS) 

(LBS) 

(LBS/LBS) 

DATE: 12/11/86 

TIME: 

09:21:57 THRUST 

STAND CALIBRATION 

0.2 

0.0001 

-0.0001 

**** 

0.8 

0.0001 

-0.0001 

**** 

1.4 

0.0001 

-0.0001 

**** 

2.2 

0.0001 

0.0000 

**** 

2.8 

0.0001 

0.0000 

**** 

3.4 

0.0001 

0.0000 

**** 

4.3 

0.0001 

0.0000 

**** 

4.8 

0.0001 

-0.0003 

**** 

5.7 

0.0001 

-0.0002 

**** 

6.3 

0.0001 

-0.0002 

**** 

6.8 

0.0001 

-0.0001 

**** 

7.7 

0.0001 

-0.0001 

**** 

8.3 

0.0001 

0.0000 

**** 

9.1 

0.0001 

0.0000 

**** 


DATE: 12/11/86 TIME: 09:24:10 THRUST STAND CALIBRATION - CAL STEP 2 


0.5 

0.0061 

0.0059 

1.0338 

1.3 

0.0061 

0.0059 

1.0338 

1.9 

0.0061 

0.0059 

1.0338 

2.5 

0.0061 

0.0061 

1 

3.3 

0.0063 

0.0061 

1.0327 

3.9 

0.0063 

0.0062 

1.0161 

4.5 

0.0065 

0.0063 

1.0317 

5.3 

0.0065 

0.0063 

1.0317 

5.9 

0.0065 

0.0063 

1.0317 

6.9 

0.0065 

0.0063 

1.0317 

7.5 

0.0065 

0.0063 

1.0317 

8.3 

0.0067 

0.0063 

1.0634 

8.9 

0.0067 

0.0063 

1.0634 


DATE: 12/11/86 

TIME: 

09:25:01 THRUST 

STAND CALIBRATION - 

CAL 

STEP 3 

0.6 

0.0137 

0.0131 

1.0458 



1.4 

0.0137 

0.0131 

1.0458 



2.0 

0.0137 

0.0131 

1.0458 



2.8 

0.0138 

0.0132 

1.0454 



3.4 

0.0138 

0.0132 

1.0454 



4.3 

0.0138 

0.0132 

1.0454 



4.9 

0.0139 

0.0132 

1.053 



5.7 

0.0139 

0.0133 

1.0451 



6.3 

0.0140 

0.0133 

1.0526 



7.1 

0.0140 

0.0134 

1.0447 



7.7 

0.0141 

0.0134 

1.0522 



8.6 

0.0142 

0.0134 

1.0597 



9.2 

0.0142 

0.0135 

1.0518 



DATE: 12/11/86 

TIME: 

09:25:52 THRUST 

STAND CALIBRATION - 

CAL 

STEP 4 

0.4 

0.0197 

0.0189 

1.0423 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 


(SECS) (LBS) (LBS) (LBS/LBS) 


1.2 

0.0197 

0.0189 

1.0423 

2.0 

0.0197 

0.0190 

1.0368 

2.6 

0.0198 

0.0190 

1.0421 

3.5 

0.0198 

0.0190 

1.0421 

4.1 

0.0199 

0.0190 

1.0473 

4.6 

0.0199 

0.0190 

1.0473 

5.5 

0.0199 

0.0190 

1.0473 

6.1 

0.0200 

0.0191 

1.0471 

6.6 

0.0200 

0.0192 

1.0416 

7.2 

0.0201 

0.0192 

1.0468 

8.0 

0.0201 

0.0193 

1.0414 

8.6 

0.0202 

0.0193 

1.0466 

9.2 

0.0202 

0.0193 

1.0466 

DATE: 12/11/86 

TIME: 

09:26:40 THRUST 

STAND CALIBRATION 

0.1 

0.0242 

0.0235 

1.0297 

1.0 

0.0242 

0.0235 

1.0297 

1.5 

0.0242 

0.0235 

1.0297 

2.4 

0.0244 

0.0235 

1.0382 

3.0 

0.0244 

0.0235 

1.0382 

3.5 

0.0244 

0.0236 

1.0338 

4.4 

0.0245 

0.0237 

1.0337 

5.0 

0.0245 

0.0237 

1.0337 

5.8 

0.0246 

0.0237 

1.0379 

6.4 

0.0249 

0.0237 

1.0506 

7.2 

0.0249 

0.0238 

1.0462 

7.9 

0.0249 

0.0238 

1.0462 

8.7 

0.0249 

0.0239 

1.0418 

DATE: 12/11/86 

TIME: 

09:27:29 THRUST 

STAND CALIBRATION 

0.5 

0.0287 

0.0279 

1.0286 

1.3 

0.0287 

0.0279 

1.0286 

1.9 

0.0288 

0.0279 

1.0322 

2.7 

0.0288 

0.0279 

1.0322 

3.3 

0.0288 

0.0280 

1.0285 

3.9 

0.0289 

0.0280 

1.0321 

4.7 

0.0291 

0.0280 

1.0392 

5.3 

0.0291 

0.0280 

1.0392 

6.2 

0.0291 

0.0281 

1.0355 

6.8 

0.0291 

0.0281 

1.0355 

7.6 

0.0291 

0.0281 

1.0355 

8.2 

0.0291 

0.0282 

1.0319 

8.8 

0.0291 

0.0282 

1.0319 

DATE: 12/11/86 

TIME: 

09:28:17 THRUST 

STAND CALIBRATION 

0.3 

0.0333 

0.0325 

1.0246 

1.1 

0.0334 

0.0326 

1.0245 

1.7 

0.0335 

0.0326 

1.0276 


CAL STEP 5 


CAL STEP 6 


CAL STEP 7 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 


(SECS) 


(LBS) 


(LBS) 


(LBS/LBS) 


DATE: 


2.6 

0.0335 

0.0326 

1.0276 

3.2 

0.0335 

0.0328 

1.0213 

3.7 

0.0335 

0.0328 

1.0213 

4.3 

0.0336 

0.0328 

1.0243 

5.1 

0.0338 

0.0328 

1.0304 

5.8 

0.0338 

0.0328 

1.0304 

6.6 

0.0338 

0.0329 

1.0273 

7.2 

0.0339 

0.0330 

1.0272 

8.0 

0.0339 

0.0330 

1.0272 

8.6 

0.0339 

0.0330 

1.0272 

12/11/86 

TIME: 

09:29:08 THRUST 

STAND CAL I BRA 

0.2 

0.0394 

0.0389 

1.0128 

1.0 

0.0394 

0.0389 

1.0128 

1.8 

0.0394 

0.0389 

1.0128 

2.4 

0.0394 

0.0389 

1.0128 

2.9 

0.0394 

0.0390 

1.0102 

3.6 

0.0394 

0.0390 

1.0102 

4.1 

0.0395 

0.0390 

1.0128 

5.0 

0.0395 

0.0391 

1.0102 

5.6 

0.0396 

0.0391 

1.0127 

6.4 

0.0396 

0.0391 

1.0127 

7.0 

0.0397 

0.0391 

1.0153 

7.8 

0.0397 

0.0392 

1.0127 

8.4 

0.0399 

0.0392 

1.0178 

9.0 

0.0399 

0.0393 

1.0152 


CAL STEP 8 


DATE: 12/11/86 TIME: 


09:29:56 THRUST STAND CALIBRATION - CAL STEP 9 


DATE 


0.3 

0.0437 

0.0433 

1.0092 

1.1 

0.0437 

0.0433 

1.0092 

1.7 

0.0437 

0.0433 

1.0092 

2.3 

0.0437 

0.0433 

1.0092 

3.1 

0.0437 

0.0434 

1.0069 

3.7 

0.0439 

0.0434 

1.0115 

4.5 

0.0439 

0.0435 

1.0091 

5.1 

0.0439 

0.0435 

1.0091 

5.7 

0.0439 

0.0436 

1.0068 

6.3 

0.0439 

0.0436 

1.0068 

7.1 

0.0439 

0.0436 

1.0068 

7.7 

0.0439 

0.0436 

1.0068 

8.3 

0.0440 

0.0438 

1.0045 

8.9 

0.0443 

0.0438 

1.0114 

12/11/86 

TIME: 

09:30:48 THRUST 

STAND CAL I BRA 

0.6 

0.0358 

0.0366 

.9781 

1.1 

0.0358 

0.0367 

.9754 

2.0 

0.0360 

0.0367 

.9809 

2.6 

0.0360 

0.0367 

.9809 


CAL STEP 10 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 
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(SECS) 

(LBS) 

(LBS) 


(LBS/LBS) 

3.4 

0.0360 

0.0367 


.9809 

4.0 

0.0361 

0.0367 


.9836 

4.8 

0.0361 

0.0369 


.9783 

5.4 

0.0361 

0.0369 


.9783 

6.3 

0.0362 

0.0370 


.9783 

6.9 

0.0362 

0.0370 


.9783 

7.7 

0.0363 

0.0370 


.981 

8.3 

0.0363 

0.0370 


.981 

9.1 

0.0365 

0.0370 


.9864 

DATE: 12/11/86 

TIME: 

09:31:56 THRUST 

STAND 

CALIBRATION 

0.5 

0.0304 

0.0313 


.9712 

1.3 

0.0304 

0.0313 


.9712 

1.9 

0.0304 

0.0313 


.9712 

2.8 

0.0304 

0.0314 


.9681 

3.4 

0.0304 

0.0312 


.9743 

4.2 

0.0307 

0.0312 


.9839 

4.8 

0.0307 

0.0315 


.9746 

5.6 

0.0307 

0.0315 


.9746 

6.2 

0.0308 

0.0316 


.9746 

7.1 

0.0308 

0.0316 


.9746 

7.7 

0.0308 

0.0317 


.9716 

8.5 

0.0309 

0.0317 


.9747 

9.1 

0.0310 

0.0318 


.9748 

DATE: 12/11/86 

TIME: 

09:33:04 THRUST 

STAND 

CALIBRATION 

0.2 

0.0256 

0.0265 


.966 

1.0 

0.0256 

0.0268 


.9552 

1.6 

0.0257 

0.0268 


.9589 

2.2 

0.0257 

0.0269 


.9553 

3.0 

0.0257 

0.0269 


.9553 

3.6 

0.0258 

0.0269 


.9591 

4.2 

0.0258 

0.0269 


.9591 

5.0 

0.0258 

0.0269 


.9591 

5.6 

0.0258 

0.0270 


.9555 

6.5 

0.0260 

0.0270 


.9629 

7.1 

0.0260 

0.0271 


.9594 

7.9 

0.0260 

0.0271 


.9594 

8.5 

0.0261 

0.0271 


.963 

9.1 

0.0261 

0.0273 


.956 

DATE: 12/11/86 

TIME: 

09:34:13 THRUST 

STAND 

CALIBRATION 

0.2 

0.0211 

0.0222 


.9504 

1.0 

0.0211 

0.0222 


.9504 

1.6 

0.0213 

0.0222 


.9594 

2.4 

0.0213 

0.0223 


.9551 

3.0 

0.0214 

0.0223 


.9596 

3.6 

0.0214 

0.0224 


.9553 


CAL STEP 11 


CAL STEP 12 


CAL STEP 13 


j 

I 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 
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(SECS) 

(LBS) 

(LBS) 

(LBS/LBS) 

4.2 

0.0215 

0.0224 

.9598 

4.8 

0.0215 

0.0225 

.9555 

5.6 

0.0215 

0.0225 

.9555 

6.2 

0.0216 

0.0225 

.9599 

7.0 

0.0218 

0.0225 

.9688 

7.6 

0.0218 

0.0226 

.9646 

8.5 

0.0218 

0.0226 

.9646 

9.1 

0.0219 

0.0226 

.969 

DATE: 12/11/86 

TIME: 

09:35:20 THRUST 

STAND CALIBRATION 

0.5 

0.0159 

0.0164 

.9695 

1.1 

0.0159 

0.0164 

.9695 

1.7 

0.0160 

0.0164 

.9756 

2.2 

0.0160 

0.0164 

.9756 

3.1 

0.0161 

0.0165 

.9757 

3.7 

0.0161 

0.0165 

.9757 

4.2 

0.0163 

0.0165 

.9878 

5.1 

0.0163 

0.0165 

.9878 

5.7 

0.0164 

0.0166 

.9879 

6.2 

0.0164 

0.0166 

.9879 

6.8 

0.0164 

0.0166 

.9879 

7.4 

0.0164 

0.0166 

.9879 

8.2 

0.0164 

0.0167 

.982 

8.8 

0.0164 

0.0167 

.982 

DATE: 12/11/86 

TIME: 

09:36:28 THRUST 

STAND CALIBRATION 

0.2 

0.0112 

0.0115 

.9739 

0.9 

0.0113 

0.0116 

.9741 

1.7 

0.0113 

0.0117 

.9658 

2.3 

0.0115 

0.0117 

.9829 

3.2 

0.0115 

0.0118 

.9745 

3.8 

0.0115 

0.0118 

.9745 

4.6 

0.0116 

0.0119 

.9747 

5.2 

0.0116 

0.0120 

.9666 

6.0 

0.0117 

0.0120 

.9749 

6.6 

0.0117 

0.0120 

.9749 

7.5 

0.0118 

0.0121 

.9752 

8.1 

0.0118 

0.0121 

.9752 

8.9 

0.0119 

0.0121 

.9834 

DATE: 12/11/86 

TIME: 

09:37:35 THRUST 

STAND CALIBRATION 

0.2 

0.0063 

0.0063 

1 

0.9 

0.0063 

0.0063 

1 

1.4 

0.0063 

0.0063 

1 

2.3 

0.0063 

0.0064 

.9843 

2.9 

0.0063 

0.0064 

.9843 

3.4 

0.0065 

0.0064 

1.0156 

4.3 

0.0065 

0.0064 

1.0156 


CAL STEP 14 


CAL STEP 15 


CAL STEP 16 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 


0.0067 

0.0068 


(LBS/LBS) 


12/11/86 TIME: 

2 ' 0.0001 

7 - 0.0001 

5 -0.0001 

f -0.0001 


09:38:37 THRUST STAND CALIBRATION - CAL STEP 17 


- 0.0002 

- 0.0002 


-0.0005 


- 0.0002 
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TEST NO. THRUST CAL PRE AJ1K023 
DATE 12/11/86 
DISK VOLUME NO. 45 
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CAL STEP 

FCAL AVG 

FLC AVG 

TARE AVG 

NO. 

(LBS) 

(LBS) 

(LBS/LBS) 

1 

IE-04 

-IE-04 

**** 

2 

6.3E-03 

6. IE-03 

1.0335 

3 

.0139 

.0132 

1.0487 

4 

.0199 

.019 

1.0441 

5 

.0245 

.0236 

1.0377 

6 

.0289 

.028 

1.0332 

7 

.0336 

.0327 

1.0262 

8 

.0395 

.039 

1.0129 

9 

.0438 

.0435 

1.0083 

10 

.0361 

.0368 

.9801 

11 

.0306 

.0314 

.9738 

12 

.0258 

.0269 

.9589 

13 

.0215 

.0224 

.9591 

14 

.0162 

.0165 

.9809 

15 

.0115 

.0118 

.9747 

16 

6.5E-03 

6.5E-03 

.9885 

17 

0 

0 

**** 


DATA SUMMARY 

FORMULA: TARE = A + B • FLC 
A = .982373257 
B = .688918795 
SIGMA A 2 = 6.11185371E-05 
AVG TARE = .998765791 
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TABLE IE 


SUMMARY THRUST STAND TARE CORRECTIONS 


Run No. 

Calculated 

Tare 

Initial Offset 
(lbf) 

Final Offset 
_ilbf) _ 

AJ1K004 

1.00 

0.0007 

0.0068 

AJ1K005 

1.00 

-0.0007 

0.0112 

AJ1K016 

0.90 

0.0002 

0.0006 

AJ1K017 

0.903 

0.0004 

0.0008 

AJ1K018 

0.904 

0.0009 

0.0023 

AJ1K019 

0.903 

0.0000 

0.0008 

AJ1K023 

0.993 

-0.0002 

0.0081 

AJ1K026 

1.02 

0.0001 

0.0062 
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SERIES 2 TEST DATA 
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HIST 


ORIGINAL PAGE IS 
QE POOR QUALITY 


10 REM PROGRAM REDUCES 1KU ARCJET DATALOGGER OUTPUT 

?0 REM "ARCREDL10" 

30 REM C. M. GRACE Y 12/11/86 

35 HIMEM: 40000 
40 DIM CD$(50),CD(50),AS(10> 

42 HOME 

44 INPUT "VOLUME NO. ";VN 

45 FOR N = 1 TO 3:AS(N) = »*: NEXT N 

46 PRINT CHRS (4)"BLOAD READURIT .OBJ.S7.V2" 

48 POKE 769, VN: POKE 773,2 

49 CALL 768 

50 NC = 8:K = 1:KK = 1 

52 WS = "TIME " ♦ "TAS1 “ * "TAS2 " ♦ "TAS3 " ♦ "TAS4 " ♦ 

"TAS5 " + "TAS6 " + "TAS7 " ♦ "THCI " 

53 WS = W$ ♦ "THCE " + "TCO » + "TFI “ ♦ "TFO " ♦ "TPS 

» ♦ "TMG " + "TF2 " ♦ "TGG " 

54 US = US ♦ "TMC1 " ♦ "TMCO " ♦ "TARS " ♦ "PPS " 

55 X$ a "(SECS) " + "(F) " ♦ "(F) " + "(F) " ♦ "(F) " ♦ 

"(F) " ♦ "(F) " ♦ "(F) " ♦ “(F) " 

56 X$ = X$ ♦ "(F) " ♦ “(F) “ ♦ "(F) " ♦ "(F) " ♦ "(F) 

n + n(f) » + «(f) h + "(F) " ♦ "(F) " 

57 XS = XS ♦ "(F) " + "(F) " ♦ "(PSIG) " 

58 Y$ ■ "PUF1 " ♦ "POF1 " ♦ "PUF2 " ♦ “PDF2 " ♦ "PVCB " ♦ 

"PVCT “ ♦ "PAO " + "PARS " ♦ "IAM " ♦ "IA " 

59 YS * YS ♦ "VA " ♦ "VAM " ♦ "FCAL " ♦ "FLC " ♦ "AL1 

" ♦ "PUR " + "FVAC " + "WPG “ ♦ "ISV * ♦ "EFF " 

60 ZS « "(PSIG) « ♦ "(PS16) " + "(PSIG) " ♦ "(PSIG) " ♦ "(MICRS) " ♦ 

"(MV) " ♦ "(PSIG) " ♦ "(PSIG) " ♦ "(AMPS) " ♦ "(AMPS) " 

61 ZS = ZS + "(VOLTS) " ♦ "(VOLTS) " ♦ "(LBS) " ♦ "(LBS) " ♦ "(MV) 

« ♦ "(WATTS) " + "(LBS) " ♦ "(MGS/S) " ♦ "(SEC) " ♦ "(X) " 

64 INPUT "TEST NO. ";TNS 

65 INPUT "DATE ";DAS 

68 PRINT CHRS (4)"PR#2" 

70 PRINT CHRS (9>"1D" 

72 PRINT CHRS (9)"7P“ 

74 PRINT CHRS (9)»1T“ 

76 PRINT CHRS (9)"Z« 

78 PRINT CHRS (27)"E" 

80 PRINT CHRS (27)"&110" 

82 PRINT CHRS (27)"(s16.66H“ 

84 PRINT CHRS (27)“4s0C" 

88 PRINT CHRS (12) 

90 CALL 768:1 * 511 

95 IF J * 192 THEN PRINT CHRS (4)"PR#0“: END 

96 PRINT SPC( 80) "PAGE NO. "KK: PRINT : PRINT "TEST NO. "TNS: PRINT "DA 

TE "DAS: PRINT "DISK VOLUME NO. "VN 

97 PRINT 

98 PRINT SPC( 3)US: PRINT SPC( 3)X$: PRINT SPC( 7)YS: PRINT SPC( 7)Z 

S 

100 PRINT 

105 FOR N = 1 TO 3 

110 A$(N) = "" 

115 IF 1 = 767 THEN I = 511: CALL 786 

120 J x PEEK (I ♦ 1): IF J = 192 THEN PRINT CHRS (12): PRINT CHRS (4) 
"PR#0": END 

122 IF J x 135 THEM PRINT D$:l = I ♦ 1: GOTO 255 
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125 IF J = 141 THEN I * I • 1: GOTO 200 

130 A$(N> = AS(N) ♦ CHRt (J • 128): I =1+1: GOTO 115 

200 IF LEN (AS(N) ) = 72 THEN 220 

201 IF LEN (A$(N)) < > 128 THEN D* = AS(N): GOTO 105 

206 IF LEN (AS(N)) < > 128 THEN 105 

210 NEXT N 

220 IF N < 3 THEN 105 

230 AS = AS(1> ♦ LEFTS (AS(2),40) 

235 GOSUB 1000 

237 ASC3) = LEFTS (AS<3),32) 

240 BS = " " ♦ RIGHTS (AS(2),88) ♦ AS(3) ♦ C$ 

250 PRINT AS: PRINT B$ 

255 IF K = >30 THEN K = 1 :KK = KK ♦ 1 : PRINT CHRS (12): GOTO 95 

258 K = K + 2 
260 X = FRE (0) 

300 GOTO 105 

1000 FOR N = 1 TO 16:M = (N • 1) • 8 ♦ 1 

1010 CDS(N) = MIDS (AS(1),H,8):CD(N) = VAL (CDS(N)) 

1020 NEXT N 

1030 FOR N = 17 TO 32 :M = (N • 17) * 8 + 1 

1040 CDS(N) = MIDS (AS(2),M,8):CD(N) = VAL (CDS(N)) 

1050 NEXT N 

1060 FOR N = 33 TO 41 :M = (N • 33) * 8 + 1 

1070 CDS(N) = MIDS (AS(3),M,8):CD(N) = VAL (CDS(N)) 

1080 NEXT N 

1090 PW = INT <(rO(31) • CD(32))):PW$ * " " + STRS (PW):PWS = RIGHTS 

(PWS.8) 

1100 FV = INT ((1.000 • CD (35 ) ♦ 0.04155 * 200.0 • 0.00001933) • 10000) / 
10000 :FVS » ■ " + STRS (FV):FVS » RIGHTS (FVS.8) 

1105 IF CD(21) < = 0 THEN WGS = « 0": GOTO 1120 

1110 UG = INT (CD(40) * 1000) / 1000-.WGS = •• " ♦ STRS (UG):WGS = 

RIGHTS (UGS,8) 

1120 IF VAL (WGS) < = 0 THEN IVS = 11 ****":EFS = " **** M :WGS = “ 

0": GOTO 1200 

1130 IV = INT (FV / UG / 0.0000022 * 10) / 10:!VS = " M + STRS ( 

IV) : I VS = RIGHTS (IVS, 8) 

1135 IF VAL (PWS) < = 0 THEN EFS = " ****»; GOTO 1200 

1140 £F = INT (21.810 • FV • IV / PW • 10000) / 100.-EFS = '• " ♦ STRS 

(EF):EFS = RIGHTS (EFS, 8) 

1200 CS = PWS ♦ FVS ♦ WGS ♦ IVS + EFS 
1210 RETURN 

) 


F-3 



TIME ARC ARC ARC GAS THRUST ISP EFF C* Cf P in T body P tank MAG 

VOLTAGE CURRENT POWER FLOW CURRENT 
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oooooooooo 

lA lO tn lO IA U) in to U) U) 


COlO^COCO'*<0COC0<0 

co*>u)cot*-aoa»a>a><A 

I •— I H H «— I H 


mCOOJCOC^^CMOOCOQO 

0)OQCOC4^-iOOCMCOCOCO 

CMc*wmc0c-o>a>a>a> 


flOCOHCDlAflOCOCOnO 


C*}C4lA(D(OU)a)HHN 

a>COlOCDt»a»OCM(MCM 

cococococo'*’*-*'* 


CMCDt-OJCOOO^OCOCO 

co^aoe-ujoao^cocM 

WHHHHHOOOO 


OHHHHHHrlHH 


^(oo^to^ioaaim 

OtOiANOOOAtOCDb* 

lA*HOJ<OCQiAlOC0CD<O 

NNNNNNNNN 


CM*»*<Da 00404 CMtAO> 

^iA^<O^P)5f(AiAO 




C 4 CD^*a»«-i(OcocsiMao 

cn^t^c^oooocooococ- 

CsJCNJCMCMCMCVJCMCMCVJ 


y HO)0)(D(DO 
coosjoomcot-a&t'-t-m 

HOrtHHHHHrtH 

QrtWHrlHrlHHH 


oooooooooo 


CMCSJCMCMCSJCVJCMCMCMCsl 


ONOJOO^OtONN 

O^t^OCM^COOOOOOO 

^tflO(SAO)(AO)CACAO) 


GOCMrlOOO&OCMCMO 

CMOOOOCDOOOO 


mt^ooooaot-aocoooo 


H O 00 in o H O O) CO 


OC^OCMiAOOOCacsJCJ 

COOOiH»-«^CMCMCMCM 


t* w 
C0 E-» 

eg 


cm r) co(0(Ohcnjoh ^ 


rHOOOOOOrH^HOO 

cocoocgooTfoocsjo 

*-• tH CM <+ lO U5 


F-4 



TEST NO. AJ1K005 
DATE 11/5/86 


oooooooo 


o o o o o o o 


inminmininininin 


CL w 


! . 


CL 

-W 


to^K3^oooooo°NM53ii^SS 0 ' °oo’oo 
----NOJ^wfNj^^^^^^^^coeoeOcocOoocgoo 


S " ^ *: » 3 

ro in s f n. M 

N ro in <o 

ro ro ro k> 


Oni'OintO'Of-co 


'©f\j(\J0'0'N->0O«-c0 


I^SSSI§iSSig|SSIl|g|i§ 


OininMO^NcoMin 


“ fc S 8 a S 8 3 " 5? S S3 S a 3 = r « 

‘ m ro io 


oO'Orof-njst'OoooKj 


ro fO M M W >t 4 


>^inrNJOfMo>o>o 

& fO ro pj Pi 

vf 


O 

tH 

X 


§ 


JO « fv m no 
'O 'O N K ‘ 


^C^Sl?g|pgKJ|||g£||| 


IlIlIsSIsscsfKpstsggSSKfcsaag 


aasssisgs 

-»" o>’ 




°l 0 2?5SPi o ' o '^rvj 

* ’ • • ■ • '. • (\J CO 


IX ^ S Sf ^ 111 ‘ >l ■* ~ 

'OnJcOOsf-ini-vtvt 


f^o<v4-cocoo«.'00oco»->j-in 


M ^ CO W st PJ 

o> •- nj m 


N- Nt <0 »“ >0 O' 


<t fO S M *- CO CO 

sr sr njt in in 3 — 


--(MNiNrtrtrSirijyjyajgsssjg;^^ 




ns 


'OnNmsjKcj f0 




oc ^ 




3 s 


3 5 

CL w 



^5iass2!S!isIlss|g||«||||s|s 


o a: x 
oc z> < 

< u w 


5Sa»66a5SSS5S8SS558SB B «« 88S 

COCOCOCOCOCOOOCOCOCOQOQOCOCOCOCOCOCO CO CO CO CO CO QO CO 00 00 CO 


[n M Kl M 

o O o O O o 


CJ _J O 

OC O > 

< > V/ 


u- '^*”* - 0'00'OinfM 


O K K 
O CO o- 
in 


«- >t in 


>0 N 00 O' O' 

00000 


00 >o 

o 


N* CO O 

n! 


fJ 'O N 


'«J’ in >0 CO O O' N- 


5S5SSSWRi««aaKi 


— CO 


O t— vt (\| ^ 

T- o • • • 

^-'-'OnjcOfoO''} 

0 W ^ r- (VI PJ ro 


N'l(>0OS.<-'O'tcO(JO'O''tMinin 


, . . . . . - •■ © «- vt NO O' O 0 

;sss8fc8ss8P safes s’s erf 


(M fM K> m 


« 


N- N. CO 


F-5 



TEST NO. AJ1K005 
DATE 11/5/86 


ORIGINAL PAGE IS 
DE POOR QUALITY 


lu c/> 
oc a. 
a a; x 

2 3 5 


•■‘••■OOOQOOOQOOOOO 

o o o o o o 

lAiAtnintnmooooooooooooo 


o o o o 


jg ^0)Oj'>t>t’>»NN(NJNWWfVjrilNNW(MNINJN(VJNfSI*- M) CM 

w SQS 5 PSPfiP 000 °oooooooooooc>oo«- k ^ 

?M?MCM&i&Ri ,>,rg,s, * vir ' i<v,rsJf>Jfv,0,rv,<N,<v,IN,,N,fgr ‘ , ™ <>J ^ 


& 

*"N 

sj 

CO 

CM 

eo 

IO 

rs- 

Os 

eo 

CO 

co 

eo 

eo 

CO 

K 

t*- 

N. 



K 

N» 

ts- 


N» 

•o 

in 

«S» >» 

c- 


CM 

CM 

IO 

CM 

in 

CM 

sO 

CM 

eo 

CM 

s 8 

a 

8 

a 

a 

8 

a 

8 

8 

8 

si 

si 

a 

a 

a 

a 

a 

a 

a 

s s 



CM 

rvj 

tr- 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM CM 

c 

#-> 

CO 



























**“ 

CL 


* 

v* 


sf 

sr 

IO 

M 

ro 

IO 

IO 

to 

ro 

to 

ro 

IO 

IO 

to 

ro 

to 

to 

to 

ro 

to 

M> 

CM IO 

a. 



» 

>* 

in 

co 

>* 

in 

m 

-s* 

K 

IO 

sl 

N.’ 

3 

- 

- 

- 

- 

- 


*— 

•— 

w m 

- 



v— 

••• 


«T» 

AT— 


- 

© 

eo © 

•- CM 


o 

2 

Ui 

o 


O 

iH 

X 


CJ w 


S5f? 

'O 


<> ‘ n r ,AOK '^^o u, '«Qo(S>oo<rcoO' 

'O'O'5'O'ONfOinOr-r-M ««5NcoaoMO»f\jf5w. 
•■•••••••»•• IO • 

ft, ^N5i5SS'®fl55R5S!S25“' 

°3KKU3323 3S32S23g3SS;3NSS! 


O O O' o 


K 

3 K . 


R R 

ro in 
in in 


SS ON 

• ■ r*~ • • • « 

I s * CO ^ N N N • 


* * * 

* « « 

* * * 

« « « 


« * 

! i 

* « 


i : 


ro cm ro n> cm in « 

■ 

N- «- vO - ~ -* ‘ 

O O Os 

CM fO CM 


* « 

I { 

* * 


SSgsssl|sSlsi£si|Sl=ggS 

• CM CM CM CM CO CM CM • CM r- *- . O 


eo in 
cm in 
to m 
o o 


g w 
<3 

< -* X 
a u. w 


f: fc fc s s 

m ro ro m co c5 

co co co oo • * 


o o o o o o o 


ooooooooo 


SO S- 
vn Os 
K K> 
O IO 




s ? 

Os Os 


sj so CO 

8 8 S 


o oc z: 
a D < 

< o w 


ooooooooooooooooooooooooo 

eoeocoeocoeoooooooooooooooooooo 


o o 

o © 


o _I O 
QC O > 

< > S^ 


CM CM CM CM CM CM ??????????? ? ? ? <=> ? ? <? g £ £ CM 

^ ^ ^ ^ ^ SO 5 SO CM 


— </> 


N- 

vO 

co 

w— 

N- 

r- 

Os 

sst 

K 


co ro 

CM 

s| 

in 

CM 

O 

K 

R 

in 

CM 

R 

00 

CM 

R 

IO 

f£ 

M 

M 

in 

• 

in 

co 

£ Is 

ro 

CM 

CM 

m 

s 

o 

o 

a 

N 

CM 

co 

Os 

Os 

O 

O 



CM 

CM 

CM 

cm ro 

ro 

IO 

ro 

si 

sst 

>1 


CO in n r* 


M m M in in in s^ 


F-6 


TEST NO. AJ1K016 
DATE 1 1/34/86 


tu 

o 

< 

CL 


I 


I 


! 


LU 00 



CC 

Q. 
























o 

a c 



O 

>o 

i — 

o 

On 

NO 

m 

in 

in 

4 

T— 

CO 

O' 

14 

NO 

(4 

N. 

N- 

|4 

NO 

in 

NO 

«* 

.) 

< 

o 

h- 

NO 

o 

NO 

in 

la 

in 

in 

in 

in 

in 

4 

4 

4 

4 

4 

4 

•4- 

4 

4 

4 

4 

z 

t_) 




























o’ 

o 

o 

O 

o 

On 

c> 

On 

<> 

On 

On 

On 

O' 

d 

On 

O 

On 

c> 


On 

<> 

O 

On' 




4 

4 

4 

4 

4 

4 

nJ 

4 

4 

>4- 

>4- 

4 

4 

4 

4 

4 

4 

-4- 

>4 

4 

4 

4 

4 

jwr 


oo 
























C 


cl 
























03 


CJ 


























>— 1 

14 

CM 

in 

O 

cm 

CM 

no 

rvj 

CM 

NO 

CM 

CM 

CM 

CM 

NO 

NO 

NO 

NO 

NO 

NO 

nO 

nO 

NO 



z 

in 























CL 





fO 

ro 



4 



Nt 





4 

4 

4* 

4 

4 

4 

4 

4 

4 






in 

00 

o 

o 

4 

o 

o 

4 

O 

o 

O 

o 

4 

4 

4 

4 

4 

4 

4 

4 

4 






*■“ 

N — 

CM 

cm 


CM 

cm 


CM 

CM 

CM 

CM 

r- 


T— 

*— 

«— 


*— 




>n 


_o 

^■s 

CM 

ro 

ro 

in 

O' 

in 

in 

4 

CM 

in 

ro 

«— 

co 

CM 

4 

CO 

CM 

ro 


«- 

CO 

4 

«— 


y 


CO 





















4 

t— 


CM 

4 

c> 

o 

in 

o 

CO 

$ cS 

nO 

in 

4 

CM 

4 

CM 

O 

8: 

ro 

ro 

o 

4 

co 




00 


CO 

o 


ro 

4 

O 

o 

On 

NO 


in 

N- 


CM 

ro 

ro 

ro 




4 


4 

in 

in 

n 

in 

in 

in 

nO 

co 

CO 

On 

O 

o 

O 

o 


« — 

* — 























1 

* 





c 

ro 

























CL 

CM 

o 


in 

f4 

CM 

On 

|4 

|4 


CM 

CO 

r- 

CM 

4 

in 

in 

On 

nO 

ro 

ro 

F4 

|4 























co 



CL 


On 

o 

nO 

CO 

4 

00 

o 

ro 

in 

CO 

On 

00 

in 


tc 

r- 

& 

o 


CM 

ro 

ro 

ro 



o 

nO 

On 

o 



CM 

CM 

CM 

ro 

4 

in 

NO 

N. 

f4 

CO 

00 

co 


co 

co 



CM 

CM 

CM 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

m 

ro 

ro 

ro 

ro 


ro 

ro 




4 

CM 

co 


CM 

*— 

CO 

f4 

4 

ro 

On 

CM 

in 

N- 

CM 

14 

T— 


nO 

«— 

CM 

3 

14 



4 

O 

o 

in 

CM 

ro 

CM 

CM 

CM 

o 

4 

CO 

r*» 

4 

NO 

in 

NO 

NO 

4 

nO 

NO 

NO 



4 

4 

4 


in 

in 

in 

in 

in 

m 


4 

4 


4 

4 

4 

4 


4 

4 

4 

4 


rH 

























X 

























✓-N 

CO 

























Ns 

in 

f4 

nO 

CM 

o 

R 

§ 

CO 


S3 

O 

4 


ro 

CM 

On 


nO 

On 

O 

CM 

4 

4 

« 

z 

CM 

4 

in 

ro 

CM 


o 

NO 

s> 

O 

O 

ro 

14 

nO 

nO 

CM 

in 

CO 


4 

4 



f4 

in 

N- 

ro 

NO 

S. 

CO 

o 


nO 


NO 

On 


R 

4 

in 

nO 

nO 

NO 

14 

|4 

f4 



On 

CM 

ro 

4 

4 

4 

4 

in 

in 

in 

NO 

NO 

nO 

14 

14 

« — 

f4 

14 

(4 

N- 

14 

r — 

r — 


Li— 




ro 

On 

ro 


CM 

NO 

14 

4 

CM 


in 

ro 

ro 

«— 

ro 

NO 

CM 

NO 

4 

00 

ro 

3 6 

U- 


5^ 


o 

in 

CM 

14 


ro 

ro 

4 

4 

ro 

CM 

ro 

ro 

ro 

ro 

CM 

4 

4 

4 

4 

in 

LU 




CM 

ro 

4 

4 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in in 



CO 


























C_) 
























CL 


UJ 


00 

<M 

nO 

NO 

ro 

ro 

14 

o 

co 

ON 


co 

ro 

co 

in 

ro 

00 

CO 

nO 

CM 

O 

r- in 

CO 


CO 


O* 



NO 




co 


14 










co 







O 

in 


R 

CO 

co 


O' 


r> 


CM 

CM 

CM 



c$ 

4 

m 


rd co 
co co 






4 

in 


|4 

F4 


f4 


co 

co 

CO 

co 

oo 

co 


00 

CO 








""" 






*“ 




*“ 







*“ 



•— 

CO 


























cl 




nO 

CM 

ro 

4 

ro 

ro 

in 



14 

CM 

O' 

CM 

in 

CM 

14 

co 


R 

ro 

nO 

ro O 

nz 


z 


CO 

in 


in 

3{ 

o 

o 

n. 

f4 

O 



CM 

CM 

CM 


CM 

R 

R 

R 

4 4 

r— 




ro 

in 

nO 

NO 

14 

r — 

o 

o 

In- 

f4 

f4 

14 

14 

14 

f4 

f4 

O 

f4 ^ 





o 

o 

o 

o 

O 

o 

o 


* 

o 

o 

O 

o 

o 

O 

O 

o 

o 


O 

O 

o o 



CO 

4. 

























3 

CO 
























to 

O 

CJ 


ro 

ro 

NO 

NO 

nO 

O 

CM 

CM 

in 

N- 


ro 

O 

4 

ro 

ro 

ro 

ro 

ro 

8 

NO 

a a 

<r 

j 

z 


CO 

CO 

4 

4 

4 

o 

[4 

(4 

ro 

On 

CM 

4 

N. 

(M 

CM 

CM 

CM 

CM 

CO 

o 

Li— 



o 

o 

ro 

ro 

ro 

NO 

co 

co 


ro 

ro 

O' 

4 

On 

O 

On 

(>N 

On 

O' 








CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

ro 

ro 


ro 

4 

4 

ro 

ro 

ro 

ro 

ro 

4 

4 

4 4 





O 

o 

o 

o 

o 

O 

O 

O 

o 

d 

4 

o 

O 

o 

o 

O 

o 

o 

o 

O 

o 

O O 





4 

4 

4 

4 

4 

4 

4 

4 

4 

4 


4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 4 



CO 

























QC 

r- 

























UJ 

»— 
























u 

3 

< 


ro 

m 

ro 

00 

ro 

in 

00 

O 

ro 

14 

nO 

O 

O 

t — 

o 

O 

O 

CM 

ro 

ro 

CM 

T- s* 

OC 

O 

3 

w — 


in 

o 

CM 

ro 

4 

4 

in 

in 

o 

O' 

o 


CM 









c 

cl 


« — 

o 

o 

T~ 

T— 

» — 



*— 

* — 


» — 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM CM 







« 

T — 

i — 


* — ■ 


<r— 


r— 















ro 
























»— 


CM 
























z 


NO 
























UJ 

CO 


ro 

CM 

in 

4 

ro 

ro 

ro 

ro 

ro 

4 

O' 

|4 

8 


ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro ro 


O' 

CL 



o 

On 

O' 

On 

On 

On 

On 

On 

On 

CO 

CO 

On 

O' 

On 

On 

On 

O' 

O' 

On 

O O 

CL 

=> 

< 


cd 

co’ 

14 

(4* 

f4 

N-‘ 

N-* 

N.‘ 

n! 

N-' 

14* 

f4 

rd 

14* 


f4* 

14 

rd 

14 


N-* 

|4 rd 

< 

u 


LU 


























z 
























UJ 

/N 

to 

t— 

























< 


4 

NO 

00 

«_ 

O 

4 

CO 

r- 

in 

r- 

NO 

NO 

NO 

4 

>o 

14 

J4 

On 

o 

O 

On 

CO CM 


r— 

_J 
























o 


O 

$ 

CM 


CO 

CM 

ro 

4 

4 

in 

in 

f4 


CM 

ro 

4 

CM 

CM 

CM 

CM 

ro 

ro 

CM 

cm ro 

cl 

O 

> 

« — 

ro 

ro 

4 

4 

4 

4 

4 

4 

4 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in in 

< 

> 











« — 

















4 


























CM 


























4. 













































































CO 


4 

in 

in 

ro 

CM 

in 

in 

On 

« — 

CM 

o 

On 

14 

in 

4 

CM 

« — 

o 

00 

14 

O 

co o 

LU 


o 










• 








• 






z 


UJ 


NO 

CM 

00 

in 

<M 

CO 

in 

CM 

o 

f4 

co 

co 

On 

o 


CM 

ro 

4 

4 

in 


fNs! o’ 



CO 





CM 

ro 

ro 

4 

in 

nO 

O 

in 

o 

in 


nO 


>0 


NO 



T- \0 

1— 


N-' 

UJ 












CM 

CM 

ro 

ro 

4 

4 

in 

in 

nO 

nO 

f4 |4 


ORIGINAL PAGE IS 
OF POOR QUALITY 



TEST NO. AJ 1 KOI 7 
DATE 11 / 25/86 


ORIGINAL PAGE IS 
OE POOR QUALITY 




QC 


O O' 
• O 

O ro 
o 


Q. W 


3 r 


o 

H 

X 


1 £ 
O' 

CM 

O' 

5 

& 

00 

§ 

§ 

8 

3 

3 

in 

co 

in 

co 

3 

co 

<> 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

O' 


O'’ 

c> 

"4 


>4 

■>4 

si- 

>4 

^4 

>4 

st 

n4 

sr 

>4 

>4 

CM 

in 

'O 

'O 

s 

s 

O 

'O 

O 

in 

in 

in 

in 

00 

tO 

o 

O 



O 

o 

O 

ro 

ro 

ro 

ro 

CM 

in 

'O 

'O 



'O 

'O 

NO 

in 

in 

in 

in 








t— 






in 

CO 

I s - 


ro 

in 

-4 

CM 

>4 

in 

CM 

in 

in 

r- 

<> 

>4 

r- 

CM 

rM 

in 



w— 

R 

CO 

CM 

ro 

ro 

CM 

ro 

>4 

ro 

NO 

ro 

CO 

ro 

o 

v4 

CM 

n4 

n4 

in 


g 

8 

in 

o 














r- 

in 

T- 

CM 


in 

ro 

CO 

ro 

N- 

>4 

ro 

ro 

N-* 

'O 

R 

r- 

CO 

CM 

'O 

o 

R 

CM 

o 



ro 

>4 

ro 

s 

R 

CM 

CM 

CM 


CM 

CM 

ro 

ro 

ro 

ro 



ro 


8 

c> 

O' 

CO 

r- 

CO 

«— 

CO 

g 

O' 

in 

t"- 

ro 

NO 

in 

o 

§ 

cS 

in 

in 

in 

in 

in 

in 

in 

m 

in 

in 

in 

n 4 

4 

o 

in 

o 

in 

CM 

in 

O' 

ro 

>4 

in 

NO 

ro 


T— 

CO 

o 

-4 

g 

8 : 

00 

to 

ro 

in 

-4 

ro 

§ 

00 

ro 

h- 

8 

O' 

K 


CM 

ro 

ro 

m 

n 4 

n 4 

>4 

in 

in 

2 






«— 







T— 


CM 

CK 

CM 

in 

3 

ro 

* 

ro 

o 

8 

3 

o 

8 

in 

co 

CO 

N» 

co 

N. 

00 

v 4 * 

in 

in 

in 

NO 

in 

NO 

NO 

in 

in 

in 

in 

in 

CM 

e 


CM 

CM 

«— 

g 

ro 

OJ 

CM 

CO 

CM 

ro 

N-* 


in 

s! 

O' 

O'* 


CM 

CM 

CM 

ro 

-4 

in 

O 


CO 

CO 

CO 

00 


O' 

Ch 

c* 

O' 

£ 















CO 

ro 

N- 

in 

ro 

ro 

N. 

N- 

>4 

CO 

<4 

'O 


o 

3 

s 

£ 

Rf 

K 

K 

R 

rs. 

o 

R 

R 


R 

o 

o 

o 

o 

O 

O 

o 

o 


O 

o 

o 

o 


00 O ID 

< -j x: 

CD Lt. w 


CO 

»— 

I— 

< 


ro 

& 

CM 

CM 

in 

in 

s- 

CM 

ro 

S 

ro 


N. 

N. 

'O 

ro 

o 

I 

'O 

£ 

R 

R 

g 

1 

in 

CM 

in 

o 

g 

s 

g 

O' 

o 

ro 

CM 

IM 

'O 


co 

O' 

O 

O 

O' 


o 

• 

o 

i — 


CM 

CM 

CM 


co’ 

co 

CO 

00 

co 

. 

00 

<> 

o 

ro 

<> 

O'" 

O' 

o: 

CK 

O' 

ro 

O' 


ro 

ro 

ro 

ro 

ro 

ro 

ro 


ro 

ro 

ro 

ro 

ro 

ro 


867 

O' 

o 

o 

T— 

-o 

o 

in 

co 

o 

o 

o 

in 

o 


tN- 

o 

CM 

ir— 

>4 

>4 

I 

| 

S 

«— 

co 

o 

CM 

ro 

CM 

CM 

o 





r— 


r * _ 

<r- 


T— ■ 

*“ 

«- 


«r— 



4 

>4 

O 

CO 

O' 


O' 

oj 

co 

& 

CO 

3 

3 

oS 

co 

CM 

00 

co 

o 

co 

T— 

o 

CO 

00 

N.’ 

|nJ 

n! 

n! 

|nJ 

|N^ 

N-* 

n! 

n! 

N-’ 

1^ 

N-’ 

N-* 

o 


CJ _J O 
OC O > 
< > ^ 


eg 


'O'Oo^^cOO^'OtM'OrvicOrocOO'in 
i/">fOOoooo»— oJrnO''— rOvT'O'dr 


'OvOO'O^O-^-COON.i-vtNOO'OO'N. 
Orjco^t-Nstr-orgroNjio NNM 
«- r- N w m ^ in 


F-8 



TEST NO. A J 1 KOI 8 
DATE 11/26/86 


ORIGINAL PAGE IS 
OF. POOR QUALITY. 


oooooocNp'p'p'<><><>a'»co<>OTco 

r- r — rs- t-- s n r — rs- s s n* n f n- n- n- r 


--t st st 


oooooooo 

St'4 , N*St'4 , ''tSt-'t 


O' O' O' O' O' 

4 't 4 


K 1 n w lo 

(\j o 


NS'O'O'ONNNNNNNNN'O'COA 


R N-N-OOON-N-h-h-N-N-N-h-r^OOO 
OOOJOJOJOOOOOOOOOOJOJOJ 

*— oj»— njojojnjojninjninjojojnjnjnjojojnj 


"D 

o 

-Q 


<\J CO I s - 'O 

ro ro O' N- 
o o o «- 
ro ro ro ro 


CD LH N- O' 


ro rvj o co o 

LO vO N- LT\ 

ro ro ro "t- 


CO OJ O' 

vd 

5 


CO O' 

* o rs! o 


m st _ 
co o o 
■O N CO 


'O st 

oj oj 


Ki <) O' oj oj 
O' o o o 


COWS'rN'ON'OWM'OfM’-'OrO^’O'J'O 


Is. >!■ 

'j^oddwinco^oddrONc 6 cONOJCO(\j^co 

in cococoO'O'O'Or'jroioK-O'^-rOLO'O'ON-K'^ 

7- r-r-r-f-t-«-(\j(\j(Mf\JNwrorororo(oron 


O 

rH 

X 


O' O' 'O *- «— ' 4 "' 0 «— 

rocoo'O'O'-oo 
in in >0 • ■ 'O 'O 'O 


S >t ■- 
st *- O 
m in in in 


r* O O ITl O 

o co co co st 

-<r ro ro ro «— 


CO 

O 

vO 

t\J 

*— 

co 

«— 

ro 

rs. 

ro 

<3 

o 

r- 

ro 

o- 

o 

vO 

NO 

O 

OJ 

ro 

in 

vO 

CO 

N- 

CO 

CO 

O' 

O' 

O' 

O' 

O' 


Nr-NC 0 NfO' 3 O''O 

O'j-oor^'O'OcO'si- 

•vi-' 0 'Oror~ orxJf O'<r 

stin'OKNcocOCO'- 


in m <- O' O' ro N 

s- O' ro oj oj ro 


xj >r in in in in 


vO 'O O 'O 'O 


O' CO 'O 

■ s 
'O 

'O 'O vO 


R 


r- St in 'J- O' 


ro ro 
ro ro 
t- *- ro ^ 
ro ro 


NcOfOr-^T-mroNin 


O' in «- * 

. . . . * 

O OJ OJ O' «- * 

O 'O lO 'O O * 


SvO'Of-C 0 (\JNinO'(\J(M*-O'NN- 
^(MinN'tO'O'OOmsfin'OCOO' - — - 

lO' 3 ' 3 'tO' 3 't'J'tOlj 3 inujjrjiQl£J^j 0 jq 

oooo ■ o o o o - ooooooooo 


_J o 
o > 
> ^ 


28 




co 

co 

ro 

ro 

VO 

vO 


sT 

OJ 

ro 

in 


st 

N. 

O' 

OJ 

OJ 

in 

o 

UD 

S 


R 

R 


a 

o 

O' 

o 

O' 

ro 

st 

O' 

2 

rvj 

O' 

co 

st 


N- 

r\j 

ro 

in 

& 

in 

o 

OJ 

ro 

OJ 

ro 

co 

in 


rs- 

rs- 

N- 

rs- 

rs. 

co 


O' 

O' 

o 

o 

o 

*“ 



'“j 


rs! 

is! 

o- 

ro 

N- 

ro 

n! 

is! 

rs! 

is! 

is! 

is! 

ro 

t- 

o- 

co 

co 

CO 

co 

co 

co 

CO 


ro 

ro 

ro 

ro 

ro 

ro 

ro 

ro 


ro 

ro 

ro 

ro 

ro 

ro 

ro 

to 

ro 


vO 

o 

co 

r^ 

ro 

'O 

ro 

co 

N- 

o 

O' 

o 

sf 


o 

699 

co 

ro 

O' 

s- 

o 

O 

in 

o 

'O 

<> 


o 

O 

o 

o 

5 

!o 

oj 

NO 

fo 

NO 

3 


N- 

'O 

5! 

o 

is- 

o 

r- 

n! 

o 

s- 

o 

is- 


--t 

<r 

vt 



st 

st 

st 

st 

'4- 

st 

-a- 

st 

st 

st 

Nt 

St 

St 

St 

st 

o 

OJ 

OJ 

OJ 

OJ 

O J 

rvj 

OJ 

oj 

oo 

oj 

OJ 

OJ 

OJ 

OvJ 

OJ 

OJ 

OJ 

OJ 

OJ 

OJ 

o 

CO 

co* 

oo 

co 

00 

co 

co 

00 

co* 

co 

00 

co 

CO 

co 

00 

cd 

CO 

CO 

co 

cd 

cd 

st 

o 

o 

o 

ro 

NO 

st 

_ 

t 

NO 

co 

m 

O' 

ro 

o 

o 

o 

NO 


O' 

nO 

oj 

is. 


R 


R 

R 

st 

o- 

LO 

0- 

S 

rs! 

N- 

R 

o 

co 

00 

ro 

CO 

in 

co 

cS 

£ 

£ 

£ 

in 

co 

CD 


'ON-r-O'-ooO' 

'OnjcOmniO'Oro 

^ t- r\j ro ro in 


ro O' «- ir- 
is! O'* o 


O CO O' 

rs! rs! co 


v00in*-'0ojnjoj 
^ r\i nj ro >3 ‘ 


F-9 


O in ro to 


i- oj ro st 
ro ro ro ro 

CO O' o «— 


C 


4 



TEST NO. AJ1K019 
DATE 11/26/86 


ORIGINAL PAGE IS 
OF POOR QUALITY 


o 

s 


_ , _ — ai rvi r\j r* O O O O O CO (\l 

ooooooooeooooocooooocoooeoeooooooooooooocooo 


n cm 0 o ro *- *- 


r ^ f r in in in 
m in in 




00 

N- 

N- 

vO 

O' 


s 

co 

sr 

ro 

ro 

in 

ro 

ro 

o 

•sj" 

ro 

t> 

vT 

ro 

C> 

in 

ro 

CM 

ro 

ro 

d 

Ch 

ro 


cm in 

£ pi 

-sj- in 


'Oco'Ocjr^-N.r^-c-coroN- 

a 

o 


*- « in 


in N- O 00 


___omroo 0'0 

N- CM >0 O' «- CM CM 

fC Os o <> o o o 


c 

<0 

a. 

ro 

sO 

CM 

st 

co 

CO 

ro 

00 

in 

in 

T- 


Os 

co 

00 

in 

lf\ 

si 

CM 

vT 

in 

co 

Cl 


o 

>o 

00 

& 

00 

ro 

Os 

d 

Os 

o 

o 

co 

o 

in 

o 

co 

o 

co 

CO 

N-* 

sf 

3 

O 

CO 

sd 

o 

CO 

<> 

ro 

ro 

3 

fZ 

tc 

rd 

n- 

S 








OJ 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CM 

ro 

ro 


ro 

ro 

ro 

ro 

ro 


o 

s 


pO 00 'O' 4 -mO , '-_.. , _ 

m m ■OsOinoOcOininoj 
in • in in • in in ■ in in in 


O ro in 
Os CO o o 
ro ro ro m 


N- o 
v 0 ro 
Os o 
N. o 



ro 


o 

N- 

o 

CM 

Os 

sO 

CM 

CM 

o 

CM 

r 

CO 

in 

N- 

Os 

O 

CM 

ro 

ro 

CM 

o 

Os 

Os 

O 

O 

o 


CM 

ro 


«— h*- N- «— 
CM CM «- 00 

cm s* m in 

CO 00 00 CO 


fOinN-sOin^-sOroeoincorOvj-qs^inrocOin'OsOjn 
coroaoo«— cMiMromN-o ■ sfi/i'oK'ONS'OwO> 

■ >o • » ■ • * 

N^vCsfinininininin'O sO'O'O'O 


>o o so so >o so 


•<r co co m o 0 -<t 

. .co • • • m 

so co t- os -i— rvi «- 

Os t- co ro ro 


t-i-CMNO'^fOKO*-o 

« iO ^ ^ st ot^fMrnrn^insQ 
-- — - in so >0 so so so so 


in m in in 


so ro ro N- 
>o 


cjoors-*— mOsromsO-mrO'st'J- 
r^fs^coosOsOsoco^soKcoos 
sjosj^sjoininininininm 

ooooooooooooo 


Os *- 00 N CM 
O sO O t- CM 


co 3 
O lx. 


2 ^s 

LU C/> 

oc a. 
o t* 3 E 
DC => < 

C O s^ 


^ o o 


O *- S- 


s 

o 

O' 

co 

ro 

co 

O' 

in 

in 

in 

S 

in 

in 

co 

N- 

N- 

r- 

00 

p 

ro 

8 

<§ 

ro 

3 

s- 

in 

Os 

co 

CM 

O' 

in 

£ 

CM 

* 

in 

ro 

in 

a 

a 

Ch 

in 

o 

O' 

m 

o 

SO 

s-0 

sO 

n0 

r*- 

N- 




N- 

00 


O' 

O 

o 

o 

o 

o 


*~ m 

rd 

N-’ 

n! 

rd 

JSs! 

id 

N- 


ro 

N- 

N- 

r*- 

N- 

ro 


00 

oo’ 

od 

R 

od 

CO 

oo’ 

ro 

ro 

ro 

ro 

ro 

ro 

ro 

rO 

ro 

ro 

ro 

ro 


ro 

rO 

ro 

ro 

ro 

ro 

ro 

co 

586 

r- 



ro 

CO 

O' 

ro 

in 

o 

in 

673 

ro 

o 

708 

ro 

O' 


Os 

00 


O' 

in 

O 

>0 

sO 

r~ 

v0 

d 

d 

d 

co 

sO 

sO 

in 

sO 

8 

8 

S 

n! 

h- 


a 

CM 

N- 

c 

o 

o 

o 

o 

o 




r— 











_ 

_ 


CM 

co 

rsj 

co 

CO 

co 

CO 

co 

CO 

CM 

co 

CM 

CO 

CM 

CO 

CM 

cm 

CM 

CO 

CM 

CM 

CO 

00 

00 

CO 

co’ 

00 

co 

00 

00 

od 

00 

co 

00 

co 

00 

CO 

CO 

00 

oo 

cd 

od 

oo 

od 

ro 

in 


NO 

sO 

N» 

ro 


Os 

-st 

CM 

_ 

o 

ro 

ro 

ro 


SO 

ro 

00 

N. 


ro 

c- 

rs3 


s 

S 

S 

p te k fc a 

CO 

CM 

00 

d 

00 

d 

C0 

8 8 

n! 

00 

nn 

co 

O' 

_ 

ss* 

ro 

Sst 


sO 

in 

o 

O 

CM 

CO 

ro 

st 

'O’ 

ro 

i 

o 


CM 

o 

>d 

co 

<> 

m 

co 

Os’ 

sO 

ro 

8 

CO 

ro 

d 

in 

d 

CM 

ro 


in 

in 

N- 

§ § 
o «- 




co 

ro 

ro 


in 


sO 

r— 

CO 

sO 

CM 

ro 

O 

o 

in 

o 

SO 

S 

o 

00 

§ 


F-10 



TIME ARC ARC ARC GAS THRUST ISP EFF C* Cf P in T body P tank MAG 

VOLTAGE CURRENT POWER FLOW CURRENT 

(VOLTS) (AMPS) (WATTS) (m«m/6) (N) (SEC) (X) (M/S) (kPA) (K) (MICRS) (AMPS) 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


t-CDGOCDOCM’M'intDint'-CDr-ODt-COtDt-aOt-COCOCOOOCOCOOOOOC-CDeOt'-COt-COfr-t-t'-r-t-COCOCOt-COC-aOCDCD 

t'-iniOincoCOCOCOcOCOCOCOCOCOCOC0COCOCOCOCDCOCDCOCOC0COCDCOCOCOC0(OCOCOC0COCOCOCOCOCOCO(O(OCOCO(O(O 


rwin^cMflot-^fcvifH 

OOt'CDOaC'lOCvJOO 

cMcn^r<ococ-aoa5<ji 


C- CM t** t- 
01(0 000 
0 0 0^-1 


CM CO CD 


ffl eo K) © to o* os 
m m in co co co 



cocoe-t-t-t'-coa>a>a)*-«eocoo5cnm 

C-C-C-t'-C-t-C-fr-C*-t- 00 <DCDC 00505 



COCOO^P'NCDCM 

0)0)00000^ 

tHi-ICMCMCMCMCMCM 


COO©^Oi©0©£MO^NHNOOOt*0-NNO-0©lO©iOHiOH^^tflOJ©©l/JlOCOU)NOJNO“^cO^O.(0 


O©©M*O©(Of-HM'©a)©OM , CO©0^^OlM'©HOJCOO5O)OO)©©OHrHOOO^HOJOlMOcOCO^^^ 

co©t-©oHTff-o)THHOJco^ , i/)05aia)o)a)©o)0)Or-toj(OM'iOM'M'Vinin^'i^^in(oao©cooooo^Hoco 

oicMoico(o<n<ocoM'M'^ , M , M , M'M'M*M , M , ^M'^M'©ioiniouii£nOiOU))0©ujift©©ift»oioininco(ococo©co 


Hf'OiH(ou)®(Dcococn©cM©a>o)ONo®ojHo©oooNco(OinoioiO‘OOM'CMo-M'Oo^(DO)co^ii5in^ 

©05t > -k00105HO>00}OH010)N©0>OHHQO©0)t > *©0©©©N©N©©a5(0(0(OCOM , M l M*(OOOCMHO)C r )r4 

coa><»a)(»aoo)aoo>ooa>©a>o&o>ooooc»a>050503<»05o>ocD05o>ooiO>o)03(»oooooooooooo>oo 


OOOOOOOOOOOOOOOOOOC>©OOOOOi-»000*-‘OOOOOi-‘iHiH,-|i-»iHi-Ii-Ii-Ii~«t-iO’-‘w 


CM 

05 

C- 

’•r 


00 


O 

1/5 

l/5 

CO 

O 

05 

O 

05 

C- 

05 

CD 

CM 

CM 

CD 

iH 

CD 

t- 

CD 

CD 

-M* 

CO 

CO 

CO 

1/5 

1/5 

CO 

05 


C- 


CM 

i/5 


CM 

CD 


CO 

-M* 

CO 


CO 

CO 

m 

O 

CM 

05 

C-- 

CM 

o 

CO 

i/5 

o 

i— 1 

U5 

CO 

t— 

00 

-M* 

CO 

t- 

CO 

to 

CD 



1/5 

CO 

C- 

lO 

O 

H 

O 

O 

O 


i-H 

1/5 

i-l 

CM 

CD 

CD 

■M* 

U5 

CD 

CD 

1/5 

i/5 

ao 

o 

1/5 

CO 

H 

05 

O 

O 

H 

CM 

CD 

CD 


1/5 

i/5 

1/5 

1/5 

1/5 

U5 

f- 

r- 

C- 

e- 

c- 

CO 

CO 

CO 

CO 

CO 

CO 


GO 

00 

CO 

00 

CO 

CO 

CO 

C- 

C- 

t- 

C- 

C- 


C- 

C- 

C- 

t- 

t- 

c-~ 

CO 

c- 

C- 

CM 

i-l 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 


N(£>M l '-‘ojHHoi©(ooiM , ©M‘(r)iH(OHcou)o»a)©(oa)H©t'0-cou5co^'H^.cofflH(ocooi©©®cnHin© 

t^COOCMCM*HWCMaO^HCDtH^iCOOCOt^CMcDlO^'CV]05CO^O5^CV>«Hir)CDaOCOa3CO^ l <-tU)CMir>h.OOir>^CDOLO«H 


O®0)®CD0)OOO rH HCMCvl0>lC0(0( T )^ , ^' , fi0l0lI5U5©©f^P*'C-0)©0'P“©©OOO*-<CM01CMCMC0c r )C0CMM' 

HHHHrWHHHrlHHHHHHHHHHHi-IHHHHHHHHOlOlOlOlCMCMOJOJOJCMCMOJCM 


©o®ooiPHocnooO'fflO“CO©HO<MHc»)OM , Oh-H(n^Hio^®inooiocnir)©cooai©iocoojr-oocococn 

P5^0«in«‘flt fc ©®H©HNlOOiHiO©©(0^©’»t-01lftU5©OlHffl©0©©©©fflOHOfflO)(Dh^Offl 
C005OOOC>i“li-<CMCMcncn^’M , ^»'*‘lOininin<0C0c0COt0t-C-t^C-05a00-C-t-t>-Q0C0CDa0 05 05 O5CDa0a000aD05a0 
iHCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMOMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 


01©H©NO^©0^01©CMHOlO©HC>-iOf«»0©Hy(0^©r-»lONO)OCJ)01©OJO^HCOt>HHHCOC-(Oin 

©OOJCMM'©M'OiOO)H©(DronO*fflOOHOOOHHCOOHHCMOM , CM01CM^030]©C001CVlOJcn^N©^©CM 

Ot't-f-t-0-®ro®OJOOOOHrtHOJNNM©©W©M'M'M'M , ©^M*<M'M'©©©©©©©©©©©©©N 

OOOOOOOOOOi-li-li-lTH*-li-li-li-li-|i-liHi-l.-liHi-liHi-liHi«»i-li-l*HiHi-I.Hi-li-lTHiHi-li-liH«Hi-t.H«-li-»»H,H 


ooooooooooooooooooooooooooooooooooooooooooooooooo 


ON(D'4'HH(I)U)t'(OiOHr-CDOHOOOOffiNrt(D®iOiO^^^^^^^SCOHOrtOOt*HaDaiOOOHO 

O0*©©N©mNWM*^©iO©S©00©c0©0>OOOHN0J0IN04N(M0JNCMM'M'M»©©©^t-©0)0)0)0)H 


05 

<x> 

m 


to 

CM 

CD 


CD 

CM 

rH 

05 

CO 

CO 

CM 



t*- 

in 

r- 

CD 

iH 

o 

c«- 


05 


ao 

CM 

CO 

05 

CD 

i-» 

O 

t— 

05 

iH 


o 

C— 

CD 



05 

H 

CO 

C" 

CO 

to 

iH 

CD 

CO 



O 

tH 

H 

CM 

CM 


in 

CO 

in 

in 

in 

r- 

O 

CO 

CO 

ao 

O 

05 

O 

CM 

o 

ao 

05 

05 

CD 

in 

<*■ 

CO 

in 


CM 

CM 

iH 

CM 

O 

H 


C- 

r- 

t- 

CD 

CO 

00 

05 

05 

o 

O 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

H 

o 

o 

o 

tH 

o 

i-l 


iH 

o 

O 

O 

O 

o 

o 

o 

o 

o 

O 

O 

o 

o 

O 

o 










1-1 

y-C 

i-l 


i-l 


i-H 

1"M 

i-i 

H 

iH 

i-i 

i-l 

1-1 

iH 

H 

rM 

H 

i—l 

r-» 

rH 


i— 1 

i-l 

i-l 

iH 

iH 

iH 



iH 

iH 

1— 1 

iH 

i-H 



CM 05 
CM W 

o o 


CO TT 
05 CD 
05 o 


CO05O5O505O5O5O5O5COO5CnCMCDCDCD^'* l i-tCMCMCOCDO5i-t < «tn<OO0O5Cn^^'O5aOODCD<X5O5aO®O5O5Oi-4i-<O«HCM 


coooaoaoGoaoaooocoaDco(DcoaocDaococococoaoQOaoQOao(DfloaoaoooaooocoaocococDaOGOcocoooaoaoooGOCDcoco 


CD005C'-<OCOCD'*'aOirWCOCOCMCMfr-<<'a>.-lCMCMCO®fr-OCMCM©05iHCQCO’*QOCMCOt*-CMOiOO©0’-‘CMir5CD««a , cr> 

®inininO5i-4t-incOCMcnincOCOOOOOOO5OOCM'*OgCM<*CO'*inadinOJCMCMinO5GOO505C^inincnLncncnM"^rr-<in 

lOOSOSaaaSOO^’HCaCMCsICMCMCMCMCOCMCDCDCOCDCOCOCDCDeOCDCDCOCDCDCDCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 


fe- w 

C /5 £-« 

w < 

F- Q 


CM**i-lCD’M<C-,-IC-CMt-CMC-CDa5«*0<OiH<OCMO'< , Cgt-*'iHC-cna5ini-iaO'*OCOin^HCO<Oin,-taOinCM0505^rHCM 


HCDO 
® CM 


iH CM 
CO 

W CM 


©©®OOr(HWN©^«<'©©©t fc S©©aOOHHCM©©'f©©©t**h©©OOrHCMW©©©t*. 

®©H00M'O©N©M'O©H©Nh-©H^«O©CMffl^O©CM©M'O©H05©O©W©^O©M'H 

N«M»M'iO®©Nf'®®0>OOHHN©©^©©©©P*©©ro®OHHNCM©M'M'iniOCDP*C-©© 

H^HHHHHHHHHHHHH^HCMNNCMNCMWNCMCMNINNCMCM 


F-ll 


23.59 



ORIGINAL PAGE IS 
OR POOR QUALITY 


SSS88888SS8S8S888S88888888SSSSS3 


5ES3SSSSS22SSSSSSSSSS5SSSSSSSSS2 






!»2332i2SS88H»H8MSHMMM! 

d-ooodoooooooooooooooooooooooooo 


* <o®t-<ot-^>o<»®«o 5 ! 2 o?: 222 S 2 S 83 SS 35 ® 3 S 3 S 

I SSS 8883 S 88888888888888 SSSSSSSSS.O 

£ * g?5S58*838S85S828888SSS!S"5{8g82888 
W ~ SSSSSSS 3 SS 3 SS 8 sisiSSSSSSS 822222 S^S 


Qi 

05 g 
W H 
05 


<Din^^t-fr-^OCJ^t-U>C 0 Cgu> 0 l» 0 U 5 Cvlb-^^«O» 0 W^l 00 >WCI>U 5 

S8S»S28SB8i8SSSiS2SH38ESSSSSS82 


* 8 S 33 £®££® 22 So 85 ® 25 £ 5 ®S 3 ® 8 ® 8 S 82 g§ 

* ££ 2 ?SS?:£®®®® 8 “““«®®®®® 2 !:£; 5 J:£££ 2 £ 

hh^hhhhhhhhhhhhhhhhhhhhhhhhhhhhh 


OOOOOOOOOOOOOOO 


ooooooooooooooooo 


to » ~ 

<005 


SS 5 S 5 SSSS!SSS£Sg£S 55 ££ 5 SSSg£SSSgS 


opj^- ®®o®®-*®*-'«^ , ® Ncg f^S 2 SM 2 MS 22222 ooSSo 

*h 2222 § 2222222aaSH^2222^22222222 
S | 

SSS 88888888888888388888888883888888 

^ H |j ©(xiQoaDajootxjoOGOooaiaoooaaaotriQOtfJtDtooooocooooococooocooOGOflO 


V» HM ' _ 


iOCOWOO^^fflU 5 «)NflOCDO^flOO< 0 «OOr^b-OCD® 0 ®<OtO®C> 0 >t- 

«^^«tJw^wcvj^^ioio£^ 22 ! 22 d 2 S! 2 S 5 SSSS 3 SS 


iooa&eo^®(D®w©®t-^f“ifl® , >*- , oo>©o>tD<Dcor-t**«-ic»icoco**a) 

SoS»-iS®«^ , ^'®®«>^^«> o>oj oo»Hc> 3 N® 2 !S£t 22 Si 2 i 22 

CMC r 5COncOCOCO<OCOCOCOCOCOC r 5COfOCO^f ,l, l , ^ , ^ , ^r^ ,,, ^^ , ^^ ,r “'^“^ 


F-12 


TIME ARC ARC ARC GAS THRUST ISP EFF C* Cf P in T body P tank MAG 

VOLTAGE CURRENT POWER FLOW CURRENT 

(VOLTS) (AMPS) (WATTS) (mgm/S) (N) (SEC) (X) (M/S) (kPA) (K) (MICRS) (AMPS) 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

kOlOO)U)lOiAiOlAU)U)iOiAlOlAlAlAlftlOiOia(OtA(OU}iOtOU)iOiAlAiAiOiOiOiAkOU)ifl 


cD’M t coina5CMa505CMOCMcoco«ocococococococoO'<j»coeococococo*'cococococo 

OOlOiaiOtACOmiOCOCOC0C0COCOC0COCOCOC0COCOC0COC0COCOC0<DCOCOC0CDC0COCO 
—J — 1 ^ « ♦ _J arf «J rH ■— 4 H H H «-H H < t H rH H rH H rH H a— 4 H r4 


CO CO CO 


a> co 


CO 

t- 

05 

CM 

CO 

H 

rH 

CO 

** 

O 

rH 

CM 

05 

O 

o 

05 

ao 

CO 

CO 

CO 

rH 

05 

rH 

CM 

05 

LO 

rH 

C- 

CM 

O 

o 

m 

Hf 




CO 

CO 

05 

05 

CO 

lO 

rH 

tO 

00 

o 

CM 

CO 


Hf 

lO 

iO 

Hf 



Hf 

Hf 

Hf 

CO 

Hf 


CO 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CO 

Hf 

m 

co 

lO 

CO 

r- 

CO 

05 

O 

rH 

rH 

rH 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 







H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 


OOO^C-OinOOCOt-CMCOCDCOt-^CDroCDr-O^^COCOCOCDOCOOCOCDCDCOaDCDCD 

Htft©C-^'^(I)N^NSHlOnHC003CSI^'CO(t)t > 'aOCOU)^C£)C£)(DU)t-(DlflU5CMCDiniO 

HC0c0^^^ , u)«)(0t0t-t‘^^t-t'h-t't*“r-t-t-t-t-00cocD®0)0>0)0)0>0)oro030) 


COiO©t-^W«DOO^N(OincDt-lOCOflOnnO)C-CD®0)na)C-OOOOOH(Dt£)N^WOO 

OTCocMcococomaocncD<»ooac>r-aocot--<r>oocoaoaoeoincoawc0cDU}co^co<NojiD5rco 

maocDaoaoaoaoaoaoaDaooDoocoaooococOGOcoaocococOcot'-f-cococoiniDioiniococoeo 

oooooooooooooooooooooooooooooooooooooo 


0JCDC‘-lD-«'COt-rHrHCOOt k -<OinrHCOinCMCOOlO* , CM<O^«aOtOCMa5COCOCMaOCDCMC-CO-M* 

HlOOSU)HCONH^t-N^a>acO(DCOHCMNOCOifl'f^HWOO)OJ00050)^COCO(D 

NP)^CDt-COOHWHNWNN(OCOcO^^^^^^^^«DO>^COCOOOO>0>OOHHH 

a-4CvjcMcgosjcocococococococococococococo<oco«ocococococo^ , ’^'^ , tr5m^fTj‘'^p^r-4}'^r 


N^t^U)(00)aJCDt-CD0)0J0)Cg^OP)U)CJ00O‘Olflt ,, ‘(0OU)O(DD0^"< , «Dt'0)t~cr)00 

nncO^O®0)^OCMCOOO«00«3QOtDOOCVIt't»)000000)^NCnoCicD<MH(nt-a)(N 

H©OONCM^'t'OOOO^COflOa)a)0>0)HNNNHHOHOOOO)CI)^tD(DlOxf^(Otfl 

Hf HHHHHHHHHHHHr4NNCMNCMNNCMNNNHHHHHHr4HHH 


^^co^rnOHU)oja)a}aoo>o^a)NHcr)fl0^ocoa>io(Oo)flO(n^^Hooioocoo 


COOOCO<nO)^HCOOOONU)^OCMCO^OOO)NOU)HCM^a3a)U)HU)(DncO^OOCMH 

t'.OrHC4n^<DOo©o>o)0)0)ooooooHHooa)Oio)OjaoJoot-t-«)io^t-[- 

CMCMCMCMCMCMCMCMCNCMCMCMCMCOCOCOCOcOCOCOCOCOCOCMCMCMCMCMCMCMCMCMCMCMCMCMCM 


^iflOcoeoHoit-oojHcooi^ooiiOrt^cOHcococoioio^HoiOHnDococja)^^ 

NOCMHU)NCMNU)iOfflflOO)0)COncOUllOtOU5f-^N(Ont*^NacslMOnO^^O 

CMr-r-aao^cou>iDincD<ocot^floa>cooOflOCDaot > -t^t^aoooc-tDCDio^cococo^t-t^c- 


oooooooooooooooooooooooooooooooooooooo 


OflONH01flO«(OCJO®t-t*HrHO)^U)^^^«HNOU)tf)OOCOCOt-r-f-^lOHHH 

HlOtAH^inHlOiAiACOffiflONCMHHHHHOaXOCOiaCOOlfltOlAOOOOkO^^^ 

CO(O(O^^^iAifliflU)(AifliO(D(O(O0(D0(Oa)iAiAlO(O(O(DifliOU)iOiAU)U)kA(D(O(O 


-rf 

CO 

05 

o 

CO 

C- 

05 



O 

H 

CO 

05 

m 

CO 


CD 

o 

m 

Hf 

ao 

05 

in 

CM 

rH 

in 

rH 

CO 

O 

CO 

CO 

00 

CO 

m 

o 

rH 


rH 

rH 

CO 


r- 

CM 

in 


o 

o 

rH 

’M' 

<o 

m 

rH 

rH 

05 

l- 

05 


CO 

t- 

CO 

CM 

CM 


c- 

Hf 

00 

05 

C- 

rH 

rH 

rH 

in 

CO 


m 

05 

CO 

CO 

00 

05 

o 

o 


CM 

CM 

CM 

CO 

CO 

CO 


Hf 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

CO 

CO 

CO 




rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

H 

rH 

rH 

rH 


t»-^^M3)CD0)CJ)HHin(D^C0CD{ , )r4OOOO<DC r )^ , lfllfl'CH0HDC0fl0(DCDHHC00D 

HHHNHHHHCMCM(OtOlfllflincONHOOO®flOt-CD^t-P-U)^^^^05Hr4CS>tD 

aococEicoaDooaoaoaDGOoDaocococDcOaocOGOcDaoc^c-f-c-c-c-c-t-r-c-C'-c-c-cocOQOcX) 


(Najajcocooco^^^cD^cDai^cocDcsj^finc-co^ajwin^^cot-cvi^in^t-^cjco 

iOHcnP'ino)ot , -tDt'OOa)^'ior-t-o)0)0(nin(Dt'tD^ , ow<D[-o)®o)«5H»ncoo 

t-OOHNN^^t^COCOkncOCOtOtOiOiflCDiAiAUXACOCOtDlAinin^^^^iOVCDCO 


ooooionN^iflcokOiocDcoin^aQao^cocoaoaxnHooNCMcsicM^^t-toooo^tD 


E-* Ex] 
CO E“* 

w < 

H Q 


COH(])OHNOHO)OH010H(3)0)OHNOr4©0®OHO)OHC'JOHCDOHO^ 

COrHOO^OCOCMC'-’<'OlOCMaOCO«HaO'M'©<OCMC-*'a5COCMC-^*OCOCMaOCOOCOCMOO 

aHiHCMcoco^^cncoco^t-cooscnOr-iyHcsiogcoco^iointoc-t^rocoajoo*-*^ 

hhhhhhhhhwhhhhhhcmnwn 


i 


F-13 


2236 


HIST 


origin al page is 

10 REM PROGRAM SETS COMPUTER CONTROLS ON 1KW ARCJET OF PDrui ° 

REM -ROMIAK- ' TO0R QUALITY. 

30 REM C.M.GRACEY 11/26/86 

32 REM TURNS VALVE ON & OFF 

35 HOME 

40 PRINT CHR* (4)"BLOAO OPTOMUX . OB J /S4000 , AS4000" 

45 ERX * 0:SNX = 4:TDX = 0:RC% = 10: POKE 20506,0: HIMEM: 16383 
50 POKE 49366,128: POKE 49366,128 
52 TS = "1KU ARCJET CONTROLLER” 

100 T 1 = 1000 

130 DN = INT C T 1 / 10): GOSUB 1000:21* * "Z0001H" ♦ 2* 

290 X = FRE (0) 

295 PRINT : PRINT "HIT FLASH : PRINT «<SPACE BAR> KEY NORMAL : PRINT 
"TO START" 

297 GET AS: PRINT CHR* (1) 

298 IF AS < > " " THEN 297 

299 PRINT CHRS (1) 

300 GOSUB 3000 

305 HOME : PRINT TS: PRINT : PRINT "SYSTEM AWAITING START COMMAND..." 

308 PRINT : PRINT "TO ACTIVATE SYSTEM PRESS FLASH : PRINT "START SWI 
TCH": NORMAL 

309 PRINT CHRS (1) 

310 IF PEEK (49251) > 127 THEN 310 

311 PRINT TS: PRINT 

312 HOME : PRINT "SYSTEM AWAITING CURRENT START..." 

313 X = PEEK (49361) 

314 IF PEEK (49361) > 200 THEN VTAB 5: HTAB 1: FLASH : PRINT "RESET CU 
RRENT ALARM": NORMAL : GOTO 313 

315 VTAB 5: HTAB 1: PRINT « " 

318 IF PEEK (49361) < 200 THEN 318 

319 IF PEEK (49251) > 100 THEN 312 

320 HOME : PRINT TS: PRINT : PRINT "SYSTEM NOW OPERATING..." 

340 GOSUB 4000 

350 HOME : PRINT TS: PRINT : PRINT "SYSTEM NOW SHUTDOWN..." 

360 IF PEEK (49360) > 200 THEN VTAB 5: HTAB 1: FLASH : PRINT "ALARMS I 
NDICATED": NORMAL 
370 CMS = "L0001": GOSUB 5000 
380 GOTO 295 

1000 REM CONVERT NUMBER TO HEX 

1010 Y1 = INT (DN / 4096) :Y * Y1: GOSUB 2000:X1S = ZS 

1020 Y2 = INT ((DN • Y1 * 4096) / 256):Y = Y2: GOSUB 2000:X2S = ZS 

1030 Y3 * INT ((DN • Y1 • 4096 - Y2 • 256) / 16):Y = Y3: GOSUB 2000:X3S * 

ZS 

1040 Y4 = INT (DN • Yl • 4096 • Y2 • 256 • Y3 • 16):Y = Y4: GOSUB 2000:X 
4* * ZS 

1050 ZS = X1S ♦ X2S + X3S ♦ X4S 
1060 RETURN 

2000 IF Y = 0 THEN ZS = "0": RETURN 
2010 IF Y < 10 THEN ZS * STRS (Y): RETURN 
2020 IF Y * 15 THEN ZS = "F“: RETURN 

2030 IF Y = 14 THEN ZS = »E»: RETURN 

2040 IF Y = 13 THEN ZS = "D": RETURN 

2045 IF Y » 12 THEN ZS = "C": RETURN 

2050 IF Y = 11 THEN ZS = "B": RETURN 

2060 IF Y = 10 THEN ZS = "A": RETURN 

3000 ADX = 253: CMS = "A": GOSUB 5000:CMS = "G0001": GOSUB 5000 
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3010 CM$ = ZOt: GOSUB 5000 
3110 RETURN 

4000 CM* = "KOOOI": GOSUB 5000 


4002 

FOR X = 1 TO 1000 





4004 

IF PEEK (49360) < 

200 

THEN 

VTAB 5: 

HTAB 1: PRINT "NO ALARMS INOIC 


ATED" 





4006 

IF PEEK (49360) > 

200 

THEN 

VTAB 5: 

HTAB 1: FLASH : PRINT "ALARMS 


INDICATED”: NORMAL 





4008 

NEXT X 





4010 

IF PEEK (49360) > 

200 

THEN 

4030 


4020 

IF PEEK (49251) > 

100 

THEN 

4030 


4025 

GOTO 4010 





4030 

RETURN 





5000 

CALL 16384: IF ER% 

= 0 

THEN 

GOTO 5010: PRINT "ERROR MESSAGE= "ERX 


5010 ME* = FOR C = 0 TO RCX 

5020 ME* = ME* + CHR* ( PEEK (20576 + C)): NEXT C 

5030 RETURN 

3 
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10 REM PROGRAM SUMMARIZES 1KW ARCJET DATA IN METRIC UNITS 
20 REM "ARCSUML3" 

30 REM C..GRACEY 12/18/86 

35 HI MEM: 40000 

40 DIM CD*(50) ,CD(50) , A*( 10) 

42 HOME 

44 INPUT "VOLUME NO. ";VN 

45 FOR N * 1 TO 3:A*(N) NEXT N 

46 PRINT CHR$ (4)"BLOAD READWRIT.OBJ,S7,V2" 

48 POKE 769, VN: POKE 773,2 

49 CALL 768 

50 NC = 8:K = 1:KK ■ 1:JJ * 1 


52 W$ = "TIME 

ARC 

ARC 

ARC 

GAS 

THRUST 

ISP 

EFF 

C* 

Cf 

P in 

T body 

P tank 

MA 

G" 







55 X$ = " 

VOLTAGE 

CURRENT 

POWER 

FLOW 


CU 

RRENT" 







60 TS = "(SECS) 

(VOLTS) 

(AMPS) 

(WATTS) 

(MGS/S) 

(N) 

(SEC 

S) (X) 

MPS)" 

(M/S) 


<kPa) 

oc> 

(MICRS) 

(A 


64 INPUT "TEST NO. ";TNS 

65 INPUT "DATE »;DA* 

68 PRINT CHR* (4)»PR#2» 

70 PRINT CHR* (9)“1D« 

72 PRINT CHR* (9)«7P« 

74 PRINT CHR* (9>"1T« 

76 PRINT CHR* <9>"Z" 

78 PRINT CHR* <27)"E" 

80 PRINT CHR* (27)"&UO" 

82 PRINT CHR* (27)»(s16.66H" 

84 PRINT CHR* (27)"&s0C" 

88 PRINT CHR* (12) 

90 CALL 768:1 = 511 

95 IF J * 192 THEN PRINT CHR* (4)"PR#0«: END 

96 PRINT SPC( 80) "PAGE NO. "KK: PRINT : PRINT “TEST NO. «TN»: PRINT "OA 

TE "DA* 

97 PRINT 

98 PRINT SPC< 3)W*: PRINT SPC( 3)X*: PRINT SPC( 3)Y* 

100 PRINT 

105 FOR N * 1 TO 3 
110 A*(N) = »" 

115 IF I = 767 THEN I = 511: CALL 786 

120 J = PEEK (1+1): I F J = 192 THEN PRINT CHR* (12): PRINT CHR* (4> 
"PR#0": END 

122 IF J = 135 THEN 1=1+1: GOTO 105 
125 IF J = 141 THEN 1=1+1: GOTO 200 
130 A*(N) = A*(N) + CHR* (J • 128): I =1+1: GOTO 115 

200 IF LEN (A$(N)) = 72 THEN 220 

201 IF LEN (AS(N) ) < > 128 THEN D* = A*(N): GOTO 105 

206 IF LEN (A$(N)> < > 128 THEN 105 

210 NEXT N 

220 IF N < 3 THEN 105 

230 A* = A*(1) + LEFT* (A*(2),40) 

235 GOSUB 1000 

236 IF CD(1) < 1 THEN PRINT D*:C* = "START": GOTO 255 
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237 IF C$ < » "START" THEN 105 

238 JJ = JJ + 1: IF JJ < 11 THEN 105 

239 JJ = 1 

240 A$ = C0S(1) + " " + CD$(32) + “ '• + CD$(31) + PUS + " '• + WG$ + " 

« + FV* ♦ " " ♦ IV* ♦ “ " 

242 B$ = EF$ ♦ » » * CS* ♦ " » + CF* ♦ " " + PI* + " " ♦ CD$(2) + '• 

» + PT* + » " ♦ CO*(30) + " “ 

250 PRINT A* + B* 

255 IF K = >30 THEN K = 1:KK □ KK ♦ 1: PRINT CHRS (12>: GOTO 95 

258 X = K + 1 
260 X = FRE (0) 

300 GOTO 105 

1000 FOR N = 1 TO 16:M = <N - 1) • 8 + 1 

1010 CD*(N) = MIO* (A*(1),M,8):CD(N) = VAL (CD*(N)) 

1020 NEXT N 

1030 FOR N □ 17 TO 32:M = (N • 17) *8+1 

1040 CDS(N) = MIO* (A*(2) ,M,8) :CD(N) = VAL (CD$(N)) 

1050 NEXT N 

1060 FOR N = 33 TO 36:M n <n - 33) * 8 + 1 

1070 CD*(N) = MID* (A*(3),M,8):CD(N) * VAL (CD*(N>) 

1072 NEXT N 

1074 IF CD(27) < 6 THEM 1078 

1076 PT = INT < EXP ((17.7735 • CD(27>) / 2.21947) • 10) / 10:PTS = " 

" + STR* (PT):PT* = RIGHT* (PT*,8) 

1077 GOTO 1082 

1078 PT = INT ( EXP ((14.1415 - CD(27>) / 1.65685) * 10) / 10:PT* = " 

•• ♦ STR* (PT):PT* = RIGHTS (PT*,8) 

1082 FS * • CD(1) * (.0002 - .0006) / 784.3 + .0002 

1090 PW * INT ((C0(31) • CD(32))):PW* = " M + STR* (PW):PW* * RIGHT* 

(Py*,8) 

1100 FV = INT ((0.900 • (CD(35) * FS) + 0.04155 • PT • 0.00001933) • 4.4 
5 • 10000) / 10000: FV* = « » + STR* (FV):FV* = RIGHT* (FV*, 

8) 

1105 IF CD(21) < = 0 THEN WG* = “ 0": GOTO 1120 

1110 WG * INT ((0.219 • ( CD ( 2 1 > ♦ 14.7)) • 1.2 • 10000) / 10000:WGS = " 

•• + STR* (UG) :UG* = RIGHT* (UG*,8) 

1120 IF VAL (UG*) < * 0 THEN IV* = " ****":EF* = " ****":WGS = » 

0": GOTO 1145 

1130 IV * INT (FV / WG / 0.0000022 / 4.45 • 10) / 10:IVS = “ « ♦ 

STR* (IV): IV* * RIGHTS (IVS,8) 

1135 IF VAL (PU*) < * 0 THEN EF* = " ****«; GOTO 1145 

1140 EF * INT (21.810 • FV • IV / 4.45 / PW • 10000) / 100:EF* = » 

“ ♦ STR* (EF):EF* * RIGHT* (EF*,8) 

1145 PI = INT ( (CO(25) + 14.65) • 6.895 * 10) / 10:PI* = « " + STR* 

(PI ):P1* = RIGHT* (PI*, 8) 

1147 IF UG < =0 THEN CS* = " ****“:CF* = " ****": GOTO 1210 

1150 CS * INT (6068.9 • PI / WG • .308):CS* = " " ♦ STR* (CS):CS 

* = RIGHT* (CSS, 8) 

1155 CF = INT (FV / PI • 2406.9 * 1000) / 1000:CF* = •• " ♦ STR* 

(CF):CF* = RIGHT* (CF*,8) 

1160 IF FV > .1 THEN FV* = " ****» : jv* = “ ****“:EF* = " ****»; 

CF* = " **»*" 

1170 CO(2) = INT ((CC(2) ♦ 460) / 1.8 • 10) / 10:CD*(2) = " " + STR* 

(CD(2)):CD*(2) = RIGHT* (C0*(2),8) 

1210 RETURN 

) 
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